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Abstract 
Air pollution has become a major health concern in Hong Kong recently. The 
air quality is deteriorating as a result of increasing traffic volume and the use of 
diesel oil in motor vehicles. The air pollution problem not only poses a negative 
image on Hong Kong to be a world major city, but also threatens our health. 
Among all the roadside air pollutants, air particulates are of special concern as the 
level of air particulates in Hong Kong remains high as compared to other world's 
major cities. 
In view of this, different in vitro cytotoxicity assays were examined in order to 
study the toxic effects of particulate air pollution on our health. These assays 
include alamarBlue, ELISA on p53 and tumour necrosis factor - alpha (TNF-a), 
luciferase assay on metallothionein promoter and EROD assay. Three different cell 
lines were tested, mouse macrophages (PU5-1.8), human bronchial epithelial cells 
(HBE4-E6/E7) and human lung fibroblasts (LL 24). We assessed the cytotoxic 
effects of four heavy metals, Cd^ "", Cr(VI), Pb^^ and Zn^ ""; polycyclic aromatic 
hydrocarbon (PAH), benzo[a]pyrene, associated with vehicle emission and roadside 
dust collected from various sites in Hong Kong during year 2000. Results showed 
that all the three cell lines were sensitive to the toxic effect of zinc, which is thought 
to be a non-toxic element in vivo, and least sensitive to the effect of lead. 
ii 
Administered dual metal ions together may be more toxic than a single metal ion. 
Cadmium and zinc could induce the metallothionein promoter activity but to 
different extent, while Cr(VI) and Pb^ "" were poor inducers to it. The HBE4-E6/E7 
cell line was not sensitive to the effect of BaP, which may be due to the low 
solubility of BaP in cell culture medium, and lack of xenobiotic converting enzyme 
like CYPIA in the cell line. Results showed that roadside dust could cause a 
reduction in cell viability, damage in cell genome and inflammatory effect in the 
cultured cells. The extent of reduction in cell viability was found related to the 
zinc content of the samples. 
In this study, we have successfully developed several in vitro cytotoxicity assays 
in studying the effects of roadside air pollution in Hong Kong. But still these 
assays are not enough to pinpoint the exact sources and mechanisms of such toxicity. 
Thus, more assays such as genotoxicity study should be developed in the future in 


























AADT Annual Average Daily Traffic 
AM Alveolar Macrophages 
API Air Pollution Index 
AQO Air Quality Objectives 
ATCC American Type Culture Collection 
ATP Adenosine Triphosphate 
BaP Benzo[a]pyrene 
bp Base Pair 
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Cd Cadmium 
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EPD Environmental Protection Department 
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HBE Human Bronchial Epithelial Cells 
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MT Metallothionein 
N F - K B Nuclear Factor 
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PBS Phosphate Buffered Saline 
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ROFA Residual Oil Fly Ash 
ROR Reactive Oxygen Radicals 
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Chapter 1: Introduction 
Chapter One: Introduction 
1.1 General introduction 
The Industrial Revolution brought to our world prosperity and social changes 
that highly improve the quality of our life. However it also brought about the 
extensive use of fossil fuel (especially coal) as an energy source and severe air 
pollution that accompanied this. Both the 1948 "killer fog" in the small town of 
Denora, Pennsylvania, that killed 50, and the particularly virulent London "fog" of 
1952, in which some 4,000 died, were associated with widespread use of dirty fuels. 
The impact of pollution from burning of fossil fuel had on health was profound and 
led to the introduction of stringent emission control measures in many countries with 
attendant improvement in health indices. 
Unfortunately, air pollution is still threatening our life especially in many urban 
cities nowadays. The source of air pollution has changed to the combustion of 
diesel oil and, in particular, vehicle fuels causing vehicle emission problem in urban 
area. This kind of pollution has been found to correlate with increased hospital 
admissions during episode days. In view of this, to evaluate the possible impact of 
vehicle emission and roadside dust on human health, a research on the health impacts 
1 
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of roadside air pollution using cytotoxicity assays was performed and presented in 
this thesis. 
1.2 Roadside air pollution worldwide and in Hong Kong 
Air pollution, especially from vehicle exhaust, has become an almost 
inescapable part of urban life throughout the world. Recent health concerns have 
emerged over pollutants generated from this source, particulate matter (PM) in 
particular, which according to World Health Organization (WHO) estimates, is 
linked with half a million excess premature deaths each year. According to recent 
epidemiological studies and health assessments (WHO, 1995; USEPA, 1996), the 
most severe adverse health effects of urban air pollution (increased daily deaths, 
hospital admissions of respiratory and cardiovascular patients, shortened life 
expectancy) are associated with inhaled particles (PMio-aerodynamic cut size 10 jim). 
Among the world's 20 megacities (cities with population > 10 million), 12 of them 
have serious levels of PM pollution that are persistently above the WHO guidelines 
both for long-term averages and peak concentrations. There is now extensive 
evidence to suggest that exposure to increased levels of inhaled particulate pollutants 
2 
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is associated with increase in mortality and morbidity from cardiovascular and 
respiratory causes (Salvi et aL, 1998). 
i.2,1 Air quality in Hong Kong 
The air quality in Hong Kong is monitored by a network of 14 air quality 
monitoring stations around Hong Kong as shown in Figure 1.1. It consists of 11 
stations for monitoring the general air quality and 3 stations, including Mong Kok, 
Causeway Bay and Central, for roadside air quality. These stations measure levels 
of sulpur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), ozone (O3), 
total suspended particulates (TSP) and respirable suspended particulates (RSP). 
The ambient levels of SO2，NO2, CO, O3, TSP and RSP measured at the air quality 
monitoring stations are converted to a scale of 0 to 500 and expressed as air pollution 
index (API). 
Since June 1995, the Environmental Protection Department (EPD) has been 
reporting the API and making a forecast for the following day. An API number of 
100 is corresponded to the short-term Air Quality Objective values (i.e. 1-hour and 
24-hour limits) (Table 1.1). API higher than 100 indicates that one or more 
3 
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Figure 1.1. The locations of air quality monitoring stations in Hong Kong. 
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Table 1.1. Hong Kong Air Quality Objectives (Adapted from Air Quality in 
Hong Kong 2000，EPD web site) 
Conceiitratiuii in. micrograras per cubic metre 川’ 
„ „ ‘ • Averaging Time  
1 lir'^ l 8 h r一工》 I 3 _免⑷I Iv書』力 
Sulphur dioxide (SO.) 如G 350 • 
Total suspended particulates CI SE'} 260 80 
Respirable u p e n d e d particulates ( R S I ' ) 丨 1 SO 55 
Nitrogen dioxide (NO.) 300 150 SO 
Carbon o>Dnoxtde (CO) 30000 丨OOOf) 
Photochemical oxidants (as ozone ( O j …丨） 240 
Lead (Fb) L5  
/// Afei/.mrecf at 29HK (2f(") cmd 101.325 kPa (one 咖mphen". 
12] Not to he exceedeil more than three times per year. 
/.?/ Not m he exceeded more than once per year, 
14 j ArUhmefic means'. 
/>7 Mespirahie siispendeii imnk'uiates meam smpemkcl fHinicukneji in air wiih u nominal 
iiei'miymmiic diameter of I Cf micmmetres or smtiikr. 
[6! Pbomchemiai! oxkknm are detenvined hy meimiremeu} ofozom (miy. 
pollutant(s) may pose immediate health effects to some susceptible members of our 
community. For an API in the range of 51 to 100，although immediate health 
effects are not expected for the general population, long term effects are possible if 
this level of air pollution persists. 
Table 1.2 shows the percentage in compliance with the short-term AQO (i.e. 1-h, 
8-h or 24-h) in 2000 (only pollutants with non-compliance are shown). For O3, 
non-compliance with the 1-hour AQO was recorded at 3 out of 11 stations. For 
NO2, non-compliance with the 24-hr AQO was recorded at 10 out of 14 stations. 
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Among them, the Central/Western, Causeway Bay and Central also violated the 
1-hour AQO for NO2. For TSP, 2 out of 11 stations violated the 24-hour AQO as 
compared to no stations violated the 24-hour AQO in 1999. Regarding RSP, 7 out 
of 14 stations violated the 24-hour AQO. They were Central/ Western, Kwai 
Chung, Kwun Tong, Sham Shui Po，Causeway Bay, Central and Mongkok. The 
situation was slightly worsened than in 1999 as 6 out of 14 stations violated the 
24-hour AQO. The compliance percentages for the short-term AQO of SO2, CO 
and lead not shown in Table 1.2 all achieved 100% at measured stations. 
Table 1.2. Percentage time in compliance with short term air quality objectives 
in 2000. (Adapted from Air Quality in Hong Kong 2000, EPD web site) 
,� . . , Total Suspended Respirable Suspended 
Station O細e Nitrogen Dioxide Particiilates Partimbt伪 
labour l4ioui- 24-hfHir 24-hQtir 24-hQiir  
Central/Western ~ lOcT" 99.% 明.72 100 的-17 一 
E^ isteni 100 100 — 99.70 ^  
Kwai Chmia 一 100 100 99.72 ‘ KM) 99^ 
Kwun Tqnfi 100 _ 100 一99M 100 的 
ShamShut Po IQO “ IQO 购-72 “ 100 — 99.73 
Wan 100 100 9 9 ^ 100 m  
$ha Tin 一 99M “ 100 100 100 
Tai Po 一 100 100 的-砂 ‘ IQO l^ O  
TimaChunft " " m ^ 100_ 100 100 _ l(�t) 
Yuen U n ^ IQQ “ 100 一 100 98.3S m  
Tap Mun 99,9 _ 100 ^  
Causeway Bay - 一 败99 97.77 -- 一 
Central - ~ 9 9 . 9 0 97,16 ；；； 吸 
Mona Kdk * I 一 I IQO I 9B.87 97.44 9^.43 
Notes: “"” _ measwed 
“ •” The Mong Kok staimt has only Three reprejiemarive quarters of air tfualiry i/ma. 
丄> fQf f!綱e stations with sujjfident data, sulphur dioxide, carhtm monmide ami kad aU 
complied wUh their i^elevant shon-ierm AQO. 
6 
Chapter 1: Introduction 
Table 1.3 shows that all general stations were in compliance with the long-term 
(annual) AQO for RSP and NO2 except Yuen Long station which RSP level just 
breached the annual AQO. However, non-compliance of annual AQO for NO2 and 
RSP were still observed at the 3 roadside stations in 2000. Regarding TSP, 6 out of 
10 stations complied with annual AQO in 2000, compared with 3 out of 9 stations in 
1999. Overall in 2000, the compliance rate with long-term AQO for all pollutants 
was recorded at 8 stations, compared with 5 stations in 1999. 
Table 1.3. Compliance Status of Long-Term Air Quality Objectives in 2000 
(Adapted from Air Quality in Hong Kong 2000, EPD web site) 
~ “ Total 5»iispentled Respirable Siispeiiried , .Nitrogen Dioxide . , ' , , ^ Station Paiticii 丨 atejj Farticiilates  
i-ytai' 1-year l-yeni' 
Central/We&terT" t / “ ^ ^  
Eastern ^ ^ ^  
Kwai Chung X ‘ ^  
Kwuri Tonu �. ^ 
Sham Shui Po 一 • X  
Tsueii Wan • 一 ^ ^  
Sha Tin — • 一 • i f  
Tai Po — t . ^  
l ung Chung • 一 ^  
Yuen Long 片 ^ 
Tap Mun -
Causeway Bay ^ -- ^ 
Central X ；^  £ 
Monfi Kok" I X I ^ ^ 
p^otes: “•” Complmi with ！he AQO X “ Violami the AQO “--” Not measured 
“�” Inmfficient Jaki for ^ tsseMinenf o/compiiafice 
“卞•， For those smtiofu wifh wfficwnf dam m!phur dioxide, carkm momniik' and kad al! 
complied the relevanr Lmsg-term AQO. 
“妒， The Mong Kok statum has ofily three repre^^enmive qmrms o f air quaHry (fmu— 
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The overall air quality in Hong Kong in year 2000 was found better than that in 
1999, with noticeable reduction in most of air pollutants measured at most stations. 
The percentage of monitoring stations complying with the long-term Air Quality 
Objectives (AQO) also increased in the year, but the TSP and RSP levels remained 
high throughout the year of 2000. For the RSP levels, the compliance rate of 
24-hour AQO was even lowered than in 1999. All these show that the problem of 
particulate air pollution is still worrying in Hong Kong and the RSP level in Hong 
Kong are about 30 to 50 percent higher than that of cities in developed countries such 
as New York and Tokyo whereas for other pollutants they are at similar levels 
(Environment Hong Kong 2000, EPD). 
In recent years, extensive studies have been carried out in associating air 
pollution with increased mortality and morbidity in the population and positive 
associations were found between them. In a study reported by Wong (1999), which 
investigated the association between air pollutants and acute health effects by 
performing a time series study on daily hospital admissions from 12 major hospitals 
and air pollutant concentrations from 7 air quality monitoring stations, significant 
associations were found between hospital admissions for all respiratory diseases, 
cardiovascular diseases, chronic obstructive pulmonary diseases, and heart failure 
8 
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and the concentrations of all four pollutants, nitrogen dioxide (NO2), sulphur dioxide 
(SO2), ozone (O3) and PMio. 
1.3 Characteristics of particulate matter 
Particulate matter is not a single pollutant, but a mixture of particles of many 
different sizes and chemical composition, from a wide range of natural and 
anthropogenic sources including power stations, construction sites, incinerators and 
vehicles. Combustion of fossil fixels is the most important source of PM, which 
consists mainly of inorganic materials with an inert carbonaceous core, while a large 
number of organic chemicals are adsorbed on the inorganic matrix at ultra-trace to 
ppm levels. These chemicals include benzene, 1-3 butadiene, polychlorinated 
biphenyls and polynuclear aromatic hydrocarbons (PAH). Many of these are 
suspected potential mutagens and/or carcinogens (Xu et al., 1998). 
Total suspended particulates (TSP) are solid matter or liquid droplets from dust, 
smoke, fuel, ash, or condensing vapor that can be suspended in the air, with 
diameters less than 100 i^m. TSP can be broadly divided into two major types. 
Suspended particulates with a nominal aerodynamic diameter of 10 [im or less are 
called RSP，or PMio to be precise, and are usually of much greater health concern as 
9 
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they can penetrate deep into the lungs and cause respiratory problems. This is 
especially true for the finer particle fraction of PMio , particulate matter with 
aerodynamic diameter less than 2.5 jim, PM2.5. RSP at high level may cause 
chronic and acute effects on human health, particularly the pulmonary function, and 
the effects are enhanced if high RSP levels are associated with higher levels of other 
pollutants, such as SO2 (EPD web site, HKSAR). On the other hand, suspended 
particulates that are larger than 10 |im in diameter are mainly related to soiling and 
dust nuisance and of less concern. 
Particles of diesel exhaust are mainly aggregates rather than single particles and 
have a random shape like small clumps or chain-like. Diesel particles are primarily 
carbonaceous soot. These particles are very porous and have a much larger surface 
area on which they can adsorb pollutant gases and other smaller particles. The 
chemistry of these particles therefore can be very diverse, containing different 
amounts of organic gases (unbumed or partially burnt hydrocarbons from oils and 
fuels), inorganic gases (as nitrogen or sulfur dioxides) and other tiny particles with 
different chemical characteristics (Pooley and Mille, 1999). 
10 
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1.4 Composition and sources of particulate matter 
The major components of particulate matter according to Harrison and Yin (2000) 
are listed as follows: 
1) Sulphate — derived predominantly from sulphur dioxide in the atmosphere. 
2) Nitrate - derived mainly from the oxidation of atmospheric nitrogen dioxide or 
from ammonia and nitric acid vapour. 
3) Ammonium - derived from ammonia neutralization of sulfuric and nitric acid. 
4) Chloride — the main sources are sea spray with a minor amount from ammonia 
neutralization of hydrochloric acid. 
5) Elemental carbon and organic carbon — derived from combustion processes, 
especially vehicle exhausts, as these processes emit sooty particles which contain 
carbon in the form of a core of solid black elemental carbon which often has a 
surface coating of semi-volatile organic compounds which condense from the 
exhaust gases. Atmospheric photochemical processes also produce low 
volatility carbon compounds that can be incorporated in the particles. 
6) Crustal materials — include soil dusts and windblown rock-derived minerals 
reside mainly in the coarse particle fraction. 
7) Biological materials - include small organisms like bacteria as well as spores and 
pollens and fragments of cellulosic plant material. 
For the PM2.5, particles are mainly formed by (Pooley and Mille, 1999): 
1) Secondary particles such as sulfates, nitrates and chloride salts of ammonium, 
products of the reaction of SO2, NO2, hydrochloric acid and ammonium ions in 
atmospheric conditions. 
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2) Heavy metals originating from anthropogenic sources, such as smelting plants 
(iron, cadmium, zinc) and combustion processes 
3) Elemental carbon, which is the product of incomplete combustion processes, 
including the combustion of fuels (for the transport sector), coal, biomaterial. 
4) Organic compounds that condense at the surface of tiny nuclei are adsorbed on 
carbon material. 
The natural sources of TSP include wind-blown sea-salt and wind-blown soil 
particles and the major anthropogenic sources of TSP include power stations, 
construction activities and vehicle exhausts. While the major sources of RSP are 
from combustion sources, in particular diesel vehicle exhaust. Besides, RSP can be 
formed by atmospheric oxidation of sulphur dioxide and nitrogen oxides. Although 
to a lesser extent, crustal derived dust and marine aerosols are significant sources of 
RSP as well. 
1.5 Toxic effects of particulate matters 
1.5.1 Lung injury 
Epidemiological studies have demonstrated a clear relationship between the 
levels of PMio and exacerbations of asthma and chronic obstructive pulmonary 
disease (COPD) (Reviewed by Pope et al., 1995). Deaths, not only from respiratory 
causes but also from vascular causes, i.e. myocardinal infarction and cerebrovascular 
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accidents, are also related to levels of PMio. A more detail description will be given 
in Section 4.1.3.3. 
The mechanism(s) of lung injury after exposure to ambient air pollution 
particles is not known. Injury is postulated as mediated by ultrafine particles, 
biological agents (e.g. endotoxins), acid aerosols, and polyaromatic hydrocarbons 
present in the organic components of the particle (Ohio and Samet, 1999). Another 
potential mechanism of injury to human tissues after exposures to air pollution 
particles is through metal-catalyzed oxidant generation. 
It was found that ultrafine particles of less than 100 nm appear to have 
considerably enhanced toxicity per unit mass and that their toxicity increases as 
particle size decreases (Donald and MacNee, 1998). This may be due to a greater 
surface area per unit mass for the toxic components to reside solely or partially on 
the surface of the particles, or via the ability of ultrafine particles to penetrate the 
pulmonary interstitium. 
The defense mechanisms of our lungs are usually adequate to deal with a large 
number of particles deposited on to its surface. These mechanisms include 
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mechanical removal and biochemical neutralization (Salvi and Holgate, 1999). 
Larger particles deposited on the conducting areas such as trachea and bronchi are 
propelled upwards by the mucociliary clearance mechanisms into the throat and 
finally swallowed, while smaller particles which reach the alveolar region are 
removed by scavenging cells called macrophages, which either carry the 
phagocytosed particles up to the airways towards the mucociliary clearance system 
or are transported through the alveolar wall into the lymphatic vessels which drain 
into the lymph nodes, where they might remain in an inert state, or be transported 
into the blood. Particulate matter reaching the lung may contain transition metals 
capable of generating reactive oxygen molecules that produce an oxidant-mediated 
damage to cells lining the mucous membrane. These oxidizing substances are 
rapidly neutralized by antioxidants which are secreted by epithelial cells lining the 
respiratory tract or which passively diffuse from the plasma into the respiratory 
lining fluid. 
However, these protective mechanisms may be overwhelmed by either particle 
number overload or the inherent toxicity of the particle. Macrophages phagocytose 
a large number ofultrafine particles could be stimulated, by the high particle load, to 
release inflammatory mediators, such as tumour necrosis factor (TNF). This may 
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also result in the sustained stimulation of epithelial cells, as the macrophages are 
unable to phagocytose the large numbers of ultrafine particles. This could cause the 
release of chemokines that could contribute to inflammation (MacNee and 
Donaldson, 1999). Other than the particle overload, the metals present in the 
particles can catalyze oxidant generation. This oxidation stress can result in 
phosphorylation-dependent cell signaling, and an activation of specific transcription 
factors such as nuclear factor ( N F - K B ) . These mediators include those genes, which 
have N F - K B binding sites in their promoter regions, such as interleukin (IL)-8, IL-6 
and TNF. One possible consequence of the enhanced synthesis of mediators that 
results is inflammatory injury to the lung. 
1,5,2 Cardiovascular injury 
Inflammation occurs in the lung as a result of inhaling particulate matter could 
have impact on the coagulation system via the local production of procoagulant 
factors in the lungs, or as a result of the effects of mediators released from the lungs 
which act on the liver, to increase the levels of procoagulant factors (Seaton et aL, 
1995). This results in clot formation in the case of myocardinal infarction, and in 
the cerebral microvasculature in the case of stroke. 
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L5.3 Mutagenesis and carcinogenesis 
During chronic exposure to high concentrations of inhaled particles, 
phagocytosis by AM of particles deposited in the alveolar region results in AM 
activation, with the release of a number of mediators including cytokines and 
chemokines. These mediators effect the recruitment of additional inflammatory 
cells, neutrophils (PMN), and macrophages, whose activation amplifies the existing 
inflammatory cytokines, growth factors, and reactive O2- and N- species. The 
mitogenic activity of growth factors on epithelial target cells (e.g. type II cells) leads 
to an increase in target cell mutation rates via the action of reactive species 
(02-derived, N-derived, lipid peroxidation products) may occur, representing a 
secondary mechanism of particle-induced genotoxicity, with chronic alveolar 
inflammation playing a central role. 
1.6 Aims of this study 
As particulate air pollution can cause many harmful impacts on our health, thus 
assays that can effectively assess the toxic effects of PM on our health should be 
developed. In vitro cytotoxicity assay is a good tool as large number of samples 
can be assessed each time and they can mimic the effects of PM on our body as cells 
like lung epithelial cells and macrophages are the first defense to the intrusion of PM 
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into our lungs. Therefore, different in vitro cytotoxicity assays on macrophages and 
lung cells were developed and assessed for the feasibility of their use in the study of 
PM toxicity on our health. After these different biomarkers assays have been 
developed, we can further investigate the components and mechanisms responsible 
for the particulate toxicity on our health. 
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Chapter Two: Toxic Effects of Heavy Metals Ions on Selected 
Cultured Cell-lines 
2.1 Introduction 
The atmosphere constitutes a prime vehicle for the movement and redistribution 
of metals and almost all metal ions in the atmosphere are associated with particles 
(Schroeder et al., 1987). In several recent experimental studies using instillation of 
dust samples such as residual oil fly ash (ROFA), it was shown that the lung 
inflammation was related to the water-soluble fraction, rather than to the washed 
particles (Dreher et al., 1997). In addition, the lung responses to particles were 
found to vary with the metal content of the samples used (Gavett et al, 1997; 
Kodavantie? al, 1998). 
2,L1 Metals 
Metals and metalloids are elements present in every phase of the environment. 
Some of these elements are essential for life, while others have no known biological 
function (Table 2.1). 
Human exposure to airborne metals induces pulmonary inflammatory responses, 
such as tracheobronchitis, asthma, chemical pneumonitis, and alveolitis (metal fume 
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fever) (Nemery, 1990), which are associated with elevated levels of the cytokines 
interleukin-8 (IL-8), IL-6，and tumor necrosis factor-a (TNF-a) (Blanc et al,, 1993; 
Kuschner et a/., 1995). The intracellular signaling mechanisms responsible for the 
enhanced expression of inflammatory proteins by human airway epithelial cells 
exposed to metals have not been fully elucidated. It was suggested that 
phosphorylation-dependent signaling pathways play a role in inducing enhanced 
expression of inflammatory proteins by metallic compounds (Samet et al., 1997). It 
was also reported that acute exposure of the human bronchial epithelial cell line 
BEAS 2B (BEAS) to As, Cr, Cu, V, or Zn resulted in activation of the ERK, JNK, 
and p38 MAPK pathways and induced the phosphorylation of the transcription 
factors c-Jun and ATF-2 in BEAS cells (Samet et al., 1998). 
Table 2.1. Metals of biological and toxicological importance (Ariza et al； 1999). 
Types of Metal or Metalloid:  
Essential 
Cobalt, copper, chromium, iron, magnesium, manganese, molybdenum, selenium and 
zinc 
Nonessential 
Aluminum, antimony, arsenic, barium, beryllium, bismuth, cadmium, gallium, 
germanium, gold, indium, lead, lithium, mercury, nickel, platinum, silver, strontium, 
tellurium, thallium, tin, titanium, vanadium and uranium 
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Metal ions at high concentrations can cause direct damage to cell membrane 
during their transport into the cell. The rupture of cell membranes can result in loss 
of homeostatic control, impairment of energy metabolism and cell death by necrosis. 
An example is the renal toxic effects of cadmium bound to metallothionein (Cd-MT). 
When isolated Cd-MT is injected into experimental animals, it passes through the 
kidney easily because of its low molecular weight, but it is reabsorbed by pinocytosis 
on the luminal surface of renal tubular lining cells, a mechanism in common with 
many other molecular substances. The increased formation of pinocytic vesicles 
with Cd-MT can lead to blebbing of the membrane and focal mitochondrial changes. 
This is later progressed to irreversible mitochondrial damage and followed by rupture 
of cell membrane. Thus exposure to high amounts of metal salts and metal bound 
low molecular weight proteins (mainly Cd-MT) can cause direct injury to cell 
membrane and mitochondria which result in cell necrosis (Cherian and Ferguson, 
1997). 
A number of metal ions also inhibit steroid hormone binding to the cognate 
receptors because of the involvement of thiols in this binding. In addition, the 
replacement of zinc with other metals in the zinc-finger motif of DNA-binding 
domain of both glucocorticoid and estrogen receptors have a significant effect on the 
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2+ 
binding to DNA and on subsequent gene expression. The effects of Zn 
substitution with Co�.，Cd�.，Cu^" ,^ Ni ^ and Fe^^ on zinc finger proteins have been 
extensively studied and reported by Predki and Sarkar (1992) and Sarkar (1995). 
In chronic exposures at low dose levels, metals accumulate in certain 
intracellular organelles and cause direct toxicity to the cell. It is known that lead 
and bismuth salts can accumulate in cell nucleus as morphologically visible inclusion 
bodies in an immobilized form (Cherian and Goyer, 1993). However, Pb can be 
released subsequently from this form and cause damage to the mitochrondria, 
affecting heme synthesis and oxidative phosphorylation (Goyer and Rhyne, 1973). 
In addition, a number of metal ions at high concentrations can generate intracellular 
free radicals that cause lipid peroxidation and inflammatory reactions. These free 
radicals and cytokines actions can affect the energy metabolism of the cell and cause 
cell death (Stohs and Bagchi, 1995). At lower doses, certain metal ions can either 
increase or inhibit apoptosis, which may have marked effects on cellular growth and 
differentiation (Cherian and Ferguson, 1997). 
In this study, we are interested in the toxic effects of four heavy metal ions 
related to the roadside air pollution on our health. These metals ions are cadmium 
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(Cd2+), chromium (VI) [Cr(VI)]，lead (Pb^^) and zinc (Zn^^), and they are highly 
associated with vehicle emissions. 
2.1.1.1 Cadmium 
Cadmium is widely used in various industrial processes including electroplating 
and engraving, the production of soldering and welding alloys, paint pigment, 
semiconductors, electrical components and batteries, nuclear reactors, and some 
plastics. Cadmium and cadmium compounds are released to the environment from 
the recycling and/or disposal of metals, motor oil and plastics and municipal/sewage 
sludge that contain this metal (Ariza et al., 1999). 
Cd2+ is absorbed by inhalation and ingestion and has a very long biological 
half-life (>25 years) (Meplan et al., 1999). Epidemiological studies have identified 
lung, prostate, and to a lesser extent, kidney and stomach as primary targets for 
C d 2 + - i n d u c e d tumorigenesis (International Agency for Cancer Research, 1993). 
Cd2+ at low concentration can bind to proteins, decrease DNA repair (Nocentini, 
1987; Dally and Hartwig, 1997), activate protein degradation, up-regulate cytokines 
and proto-oncogenes such as c-fos, c-jun and o-myc (Abshire et al., 1996a and 
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1996b), and induce the expression of metallothioneins (Dumam and Palmiter, 1981). 
2.1.1.2 Chromium 
Chromium is used for the production of alloys, in paint pigments and in the 
tanning industry. Chromium is released to the environment through the burning of 
fossil fuel, wood and the incineration and recycling of materials containing the metal 
(Ariza etal, 1999). 
The hexavalent chromium Cr(VI) is usually found as the chromate or dichromate 
anions and is a genotoxic metal carcinogen. Toxic effects of acute exposure to 
Cr(VI) include perforation of the nasal septum, ulcerations of the skin, and contact 
dermatitis. Exposure of human populations to chronic high levels of Cr(VI) has 
been correlated with an increased incidence of lung cancer (Langard, 1990). 
Treatment of cultured cells and animals with Cr(VI) results in the formation of 
Cr-DNA adducts, DNA-protein crosslinks, DNA-DNA interstrand crosslinks, and 
DNA strand breaks, and oxidative base damage as 8-oxodeoxyguanosine (8-oxodG; 
Standeven and Wetterhahn, 1989). Cr(VI) is determined as mutagenic in bacterial 
assays, and is clastogenic in cultured cells, animals and human (De Flora et aL, 
1990). 
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The Cr(VI) is at least 100 times more active than Cr(III) in terms of its cellular 
uptake. However, Cr(III) inside the cell is genotoxic and transformative as the 
Cr(VI) is eventually reduced to Cr(III). The reduction of Cr(VI) to Cr(III) 
generates reactive oxygen species which oxidize DNA bases, and these have been 
implicated in the mutagenicity and carcinogenicity of Cr(VI) compounds (Farrell and 
Costa, 1997). However, the oxidative damage to DNA is not highly mutagenic and 
is readily repaired in human cells. It has also been demonstrated that reduction of 
Cr(VI) to Cr(III) generates Cr(III) DNA adducts, involving complexes of proteins, 
glutathione, cysteine and histidine crosslinked to the phosphate backbone of DNA by 
the Cr(III) (Zhitkovich et al., 1995, 1996). These complexes are extremely stable 
because of the unique chemistry of Cr(III) that requires octahedral coordination and 
forms complexes that are inert to ligand substitution reactions (Zhitkovich et al., 
1996). They are poorly repaired and have been shown to be mutagenic in in vitro 
systems (Voitkun et al., 1998). In view of these, it is likely that the Cr(III)-DNA 
adducts play a major role in the genotoxicity, mutagenicity and carcinogenicity of 
Cr(VI)-containing compounds. 
A model for the uptake and reduction of Cr(VI) compounds in cellular systems 
is shown in Figure 2.1 (found in Aiyar et al” 1992 adapted from De Flora and 
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Figure 2.1. Model of chromatic uptake and reduction by cells (adapted from De 
Flora and Wetterhahn, 1990). 
Wetterhahn), illustrating the major events that are responsible for chromium 
carcinogenicity. Cr(VI), as the tetrahedral anion chromate (CrCU •), is isostructural 
with sulfate and phosphate and readily crosses cell membranes through general anion 
transport channels. Extracellular reduction to form Cr(III) is considered as a 
detoxification pathway since octahedral Cr(III) enters a cell by indirect, and therefore 
much slower transport. 
2.1.1.3 Lead 
Lead alloys are used in storage batteries, solders and bearings. Inorganic lead 
compounds are used as pigments in paint (prohibited in most countries) and pottery 
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glazes, in glass (crystal) manufacturing, as lead shot in ammunition, and in some 
plastics. Alcoholic beverages, including wine, and tobacco smoke are potential 
sources for lead exposure. Organic lead compounds, such as the alkyl lead 
compounds tetramethyl lead [(CH3)4Pb] and tetraethyl lead [(CH3CH2)4Pb] were 
used as antiknock agents in gasoline (Ariza et al., 1999). Their use is prohibited in 
most countries because of the environmental and health hazards associated with lead 
exposure (Stromberg et al., 1995).The toxic effects of Pb include the structural and 
functional abnormalities of multi organ systems (Keogh, 1992) and alteration of 
immune systems (Kowolenko et al., 1992), including enhanced host susceptibility to 
bacterial and viral infections (Kowolenko et al., 1991; Cohen et al,, 1994). 
Pb2+ has a very strong affinity for the sulfhydryl groups in proteins and for other 
ligands like phosphates, cysteinyl and histidyl side chains (Vallee and Ulmer, 1972). 
Therefore, Pb^^ is similar to cadmium and mercury in that it can inhibit the activity 
of numerous enzymes both in vitro and in vivo. 
2.1.1.4 Zinc 
Zinc is used for galvanizing iron, and in alloys of brass, bronze and new silver. 
Zinc plate is used in manufacturing dry cell batteries, as pigments in paints, in rubber 
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manufacturing, in wood preservatives, photographic film and medicinal salves. 
A , 
Zn is also released to the environment through the burning of fossil fuel, wood and 
through recycling (Ariza et aL, 1999). 
Zinc is abundantly present within the cell. But intracellular free Zn ions are 
kept in minimal concentrations. Because of the single stable oxidation state for zinc 
in solution, this metal does not play a redox active role in biological processes. But 
Zn2+ is present in the active sites of many enzymes and also acts as a structural 
component of many proteins. Zinc fingers belong to the latter class of proteins and 
form the largest known class of DNA-binding proteins. Zinc has been considered 
as a relatively non-toxic element (Schroeder et aL, 1967; Prasad, A.S., 1979; Anke, 
M.; Blinder, C.G., 1986 and Groppel, B., 1987). 
Zn2+ toxicity is rare in human. The chronic intake of Z n � . can result in a slight 
copper deficiency and in reduced copper-zinc superoxide dismutase activity (Cousins, 
1994; Sandstead, 1995)，which could contribute to the overall toxicity of this metal 
ion. A protective mechanism against cytotoxicity by heavy metals is the induction 
of metallothionein (MT) (Liu et al, 1991). 
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2,1.2 Metallothioneins 
The metallothioneins (MTs) are a unique class of metalloprotein characterized 
by an amino acid sequence high in cysteine content (30%) and void of aromatic 
residues, a low molar mass (6000-7000 Daltons), and a remarkable metal binding 
chemistry (Kagi and Nordberg, 1979; Kagi and Kojima, 1987; Riordan and Vallee, 
1991; Stillman et al., 1992; Suzuki et al., 1993; Stillman, 1995). They are found in 
various species and in many organs in mammals. They can serve as storage 
proteins for both essential metals such as zinc and copper, and non-essential metals 
such as cadmium and mercury (Cherian and Ferguson, 1997). 
Three classes of metallothionein have been identified to date (Suzuki et al” 
1993). Class I MTs cover the mammalian peptides in which there are typically 
60-62 amino acids, whereas Class II MTs occur in sources quite different from 
mammals, e.g. crabs, yeasts, and fungi. Class III peptides, phytochelatins (PCs) are 
found in a range of sources, including yeasts and plants, and bind Zn , Cd，and 
Cu+ (Hayashi and Winge, 1992). 
The best studied mammalian MTs (MT-I and MT-II isoforms) are composed of 
a single polypeptide chain of about 60 amino acids, 20 of which are cysteines and 
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none of which are aromatic amino acids or histidine (Hamer, 1986; Kagi and 
Schaffer, 1988; Templeton and Cherian, 1991; Kagi, 1991; Vasak and Kagi, 1993; 
Vasak and Kagi, 1994 and Pountney et al., 1995). These two isoforms differ 
slightly in amino acid sequence (other than cysteines) and in net charge. These 
isoforms bind metals identically but are encoded by two distinct genes (Palmiter, 
1987). Recently, two other mammalian isoforms (MT-III, and MT-IV) have been 
discovered. Unlike MT-I and MT-II, which are expressed in most organs, MT-III 
expression appears to be restricted to the brain and has 68 amino acids and the ability 
to inhibit growth of cultured neurons, suggesting a potential role in 
neurodegenerative diseases like Alzheimer's disease (Uchida et al., 1991). The 
other isoform, MT-IV was identified in tissues containing stratified squamous 
epithelial cells (Quaife, 1994). 
j I 3+ 2+ 21 
Many metals will bind to MT in vitro; these include Ag , A , Bi , Cd , Cu , 
Co2+, F E 2 + , Hg2+, N P , P O , P T ^ ^ and TcO (Kagi and Nordberg, 1979; Kagi and Kojima， 
1987; Stillman et al., 1992; Suzuki et a/., 1993; Riordan and Vallee, 1999; Stillman, 
1995). 
MTs play an important role in the detoxification of nonessential metal ions (e.g. 
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2+ o丨 
CcT and Hg") and in metabolism and modulation of biological activity of essential 
metal ions (e.g. Zn^^ and Cu^^). Moreover, in recent years an increasing body of 
evidence has accumulated suggesting that MT plays an important role in protecting 
the cells against the mutagenic effects of free radicals produced during oxidative 
stress and of some neoplastic drugs which are potent DNA alkylating agents 
(Templeton and Cherian, 1991). 
In summary, MTs occupy a unique place in the catalogs of metalloproteins as a 
result of: 
• A primary sequence that is dominated by a 30% cysteine content. 
• A molecular mass near 6,200 daltons (for the metal free mammalian 
protein). 
• A complete absence of aromatic amino acids in the primary sequence. 
• A metal-thiolate clustered binding site that involves both bridging and 
terminal thiolate groups. 
• A tertiary structure that is dominated by metal-thiolate clusters, with one 
domain for the yeast or fungus proteins and two domains for mammalian 
and crustacean proteins. 
• Binding several different metals in vitro as diverse as Ag+(I), to Tc'^ ^(IV), 
and Zn2+ (II). 
• The ability to bind 7, 12，or even 18 group 11 and 12 metals, commonly 
Cd2+ (II), Cu+(I), Hg2+ (II)，and Zn'^ (II). 
Proposed biological functions of metallothioneins (Cherian and Ferfiison, 1997): 
• Binding and storage of metals 
• Metabolism of essential metals 
• Protective effects in metal toxicity 
• Scavenger of free radicals 
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• Storage of cysteine in fetus 
• Inhibition of apoptosis 
• Transport of metals 
• Nuclear presence and resistance to drugs 
2.1.3 p53 
p53 is a protective factor activated by genotoxic stress as well as non-genotoxic 
damage to mediate a set of antiproliferative responses to maintain genomic integrity. 
The p53 tumour suppressor protein is a 53 kilodalton transcription factor 
constitutively expressed in most cells and tissues. The p53 protein has a rapid 
intracellular turnover and does not accumulate in most normal cells. The protein is, 
however, inducible by a wide variety of stress-related signals. Upstream, 
p53-activating signals share the property of representing a form of cellular or 
genotoxic stress (DNA-damaging chemicals, irradiation, temperature, depletion of 
ribonucleotides, hypoxia). The common denominator of downstream, 
p53-regulated effectors is that they are involved in overlapping, antiproliferative 
pathways modulating cell-cycle progression, apoptosis, DNA repair, differentiation, 
and senescence (Meplan et aL, 2000a). An overview of the p53 signalling pathway 
is shown in Figure 2.2. 
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2.7.4 Tumor Necrosis Factor-alpha (TNF-a) 
TNF-a is produced by activated monocytes and macrophages. It plays an 
important role in normal host resistance to infections and to the growth of malignant 
tumors, serving as immunostimulant and as mediator of the inflammatory response. 
The primary function of TNF-a lies in its ability to initiate the cascade of cytokines 
and other factors associated with inflammatory responses. It also demonstrates 
cell-lysis activity, and is involved in numerous apoptotic effects (cell death), like 
cytolysis of tumor cell lines and hemorrhagic necrosis of transplanted tumors. 
2.7.5 Aims of this chapter 
To study the cytotoxic effect of roadside air pollution, lung cell-lines were 
chosen as our cell models. Among these, alveolar macrophages and epithelial cells 
are the primary initiators of the inflammatory response in the lung, activating host 
defense mechanisms and recruiting inflammatory cells via the secretion of cytokines 
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Figure 2.2. An overview of the p53 signalling pathway (Adapted from Meplan et al； 
2000a). The p53 protein could be induced by several genotoxic and non-genotoxic stresses. 
After induction, p53 regulates cell-cycle progression, DNA repair, and apoptosis by several 
mechanisms, in particular transcriptional activation or repression and direct binding to 
heterologous proteins. Some of the downstream effectors of p53 are indicated (boxed 
effectors correspond to genes regulated by p53 at the transcriptional level). All these effects 
contribute to a set of antiproliferative responses to maintain genetic integrity in stressed cells. 
The mdm-2 protein binds to p53 and inhibits its activity in an autoregulatory feedback loop. 
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and chemokines. Human bronchial epithelial cells (HBE) line the airways of the 
lung, which also play a key role in regulating the entry of inhaled foreign compounds, 
or xenobiotics, into the body. HBE represent the primary defense against inhaled 
pollutants, including organic chemicals (Willey et al, 1996). Thus, we chose to use 
macrophages, human bronchial epithelial cell line, and human lung fibroblast cell 
line as our cell models. 
The cytotoxic effects of the four heavy metals mentioned above were assayed 
by developing different in vitro assays. These heavy metals are related to fossil fuel 
combustion and automobile emission. The presence of these heavy metals in 
particulate matter may be important toxic components responsible for the particulate 
cytotoxicity in roadside air pollution. The assays developed in this chapter would 
also be used for the study of roadside dust cytotoxicity in Chapter 4. 
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2.2 Materials and Methods 
2.2.1 Reagents 
All the culture media, fetal bovine serum (FBS), penicillin, streptomycin and 
tyrpsin-EDTA were purchased from GIBCO-BRL®. AlamarBlue™ (Cat. no. 
00-100) was purchased from Trek Diagnostic Systems Ltd. (UK). 
Polyvinylpyrrolidone (PVP; Cat no. P-5288), metal salts (Cadmium chloride, 
chromium(VI) salt, lead nitrate and zinc chloride) were purchased from Sigma 
Chemical Co. (USA). Stock solutions of CdCl�，Cr(VI) salt, Pb(N03)2 and ZnCb 
were prepared by dissolving appropriate amount of metal salts in double distilled 
water and sterilized by filtration (0.2 jam filter; Coming, USA). p53 pan ELISA kit 
was purchased from Roche Molecular Biochemicals (Germany), while mouse TNF-a 
ELISA kit was purchased from Endogen, Inc. (USA). 
2.2.2 Cultured Cell-lines 
Experiments were carried out on cultures of 3 different cells types: (1) Mouse 
macrophages (PU5-1.8), obtained from the Biochemistry Department (The Chinese 
University of Hong Kong), were grown in Roswell Park Memorial Institute (RPMI) 
1640 medium^ supplemented with 10% FBS, 100 units/ml penicillin and 100 jig/ml 
料 Culture media mentioned below all contained both FBS or supplements and antibiotics otherwise 
stated. 
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Streptomycin. (2) Human bronchial epithelial cells (HBE4-E6/E7), purchased from 
the American Type Culture Collection (ATCC), were grown in keratinocyte-serum 
II 
free (KSF) medium with 0.05 mg/ml bovine pituitary extract, 5 ng/ml recombinant 
human epidermal growth factor, and 10 ng/ml cholera toxin and supplemented with 
100 units/ml penicillin and 100 |Lig/ml streptomycin. (3) Human lung fibroblasts 
(LL 24), purchased from the ATCC, were grown in F-12K Nutrient Mixture, 
Kaighn's Modification (F12K)# supplemented with 10% FBS, 100 units/ml penicillin 
and 100 jag/ml streptomycin. All cell lines were maintained in 75 cm^ culture 
flasks (Iwaki, Japan) in 95% air/5% CO2 in a humidified incubator at 3 7 � C. 
2.2.2.1 PU5-1.8 
Cells were allowed to grow to 80% confluent in a culture flask and were 
collected in a 15 ml polypropylene centrifuge tube. The cell suspension was then 
centrifiaged at 2000 rpm for 3 min and the pellet was resuspended with 10 ml RPMI 
medium. Appropriate amount of the cell suspension was added into a new culture 
flask with culture medium. 
2.2.2.2 LL 24 
Cells were allowed to grow to 80% confluent and trypsinized with 
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trypsin-EDTA for 3 min. Same amount of medium was added and the cell 
suspension was then centrifuged at 2000 rpm for 3 min. The pellet was resuspended 
with 10 ml F12K medium and appropriate amount of the cell suspension was added 
into a new culture flask with culture medium. 
2.2.2.3 HBE4-E6/E7 
The subculturing procedure was similar to LL 24 instead 1% PVP was also 
added into the trypsin-EDTA and trypsinized for 5 min, while the cell suspension 
was centrifuged at 2000 rpm for 5 min. 
2.23 Cytotoxicity assays 
The cytotoxicity of heavy metals on the three cell lines was assayed using the 
alamarBlue assay. This assay incorporates an oxidation-reduction (redox) indicator 
that both fluoresces and changes color in response to chemical reduction of growth 
medium resulting from cell growth (Lancaster and Fields, 1996). As cells being 
tested grow, innate metabolic activity results in a chemical reduction of alamarBlue. 
Continued growth maintains a reduced environment while inhibition of growth 
maintains an oxidized environment. Reduction related to growth causes the redox 
indicator to change from oxidized (non-fluorescent, blue) form to reduced 
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(fluorescent, red) form. This assay offers many advantages over conventional cell 
or radioactively-labelled incorporated assays. Firstly, it can be measured 
spectrophotometrically or spectrofluorometrically which allows choice of detection 
method. Secondly, alamarBlue is water soluble, so no extraction is required and it 
can work on both suspension or attached cell lines. Thirdly, it is non-toxic to cells 
and to technician, so it is safe to use. 
For PU5-1.8, cell suspension (100 \i\) was added at a concentration of 2X10^ 
cells/ml into each well of a 96-well tissue culture plate (Cat no. 3599; Costar®, 
Coming Incorporated, USA) and incubated in a humidified incubator with 95% 
air/5% COsat 37 °C. After 2 hours of incubation, 100 i^l of different concentrations 
(6 replicates for each concentration) of metal ions in culture medium was added into 
the wells containing cell suspension and an equal volume of sterile water in culture 
medium was added to control culture wells. All the metal ion solutions were 
prepared by serial dilution in sterilized distilled water and the final percentages of 
2+ 
metal solution in RPMI medium were 3% and 2% for Zn . 
For HBE4-E6/E7 and LL24，cell suspension (100 fil) was plated at a 
concentration of 2X10^ cells/ml into each well of a 96-well tissue culture plate (Cat 
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no. 3599; Costar®，Coming Incorporated, USA) overnight in 95% air/5% CO2 in a 
humidified incubator at 3 7 � C . The culture medium in each well was aspirated. 
Metal solution (200 i^l) in different concentrations (6 replicates for each 
concentration), 2% in culture medium, were added into the wells and an equal 
volume of sterile water in culture medium was added to control culture wells. 
AlamarBlue solution (22 jil) was added into each well and incubated for 5 hours 
and read spectrofluorometrically (excitation, 530 nm ； emission, 590 nm) using a 
cytofluor machine. 
The percent cytotoxicity (compared to control) was calculated with the 
following formula, 
(PI of untreated control - F1 of test agent dilution) xlQQ 
F1 of untreated control 
where F1 is the fluorescence measured 
The dose response curves were plotted and the EC50 of each heavy metal tested was 
calculated using the GraphPad Prism software. 
HBE4-E6/E7 cell line was used as the cell model to study the combining effects 
of heavy metals on cytotoxicity. The procedure is similar to that of individual 
heavy metal cytotoxicity assay, instead two heavy metal ions were administrated 
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each time to the cell populations. The EC50 of each heavy metal calculated in the 
above section was utilized in this experiment. Three concentrations of one heavy 
metal, i.e. 20% EC50, 50% EC50 and EC50, were added to different concentrations of 
another heavy metal in order to study the effect of the former heavy metal on the 
cytotoxicity of the latter heavy metal on the cell populations. The percent 
cytotoxicity was calculated for each concentration of the latter heavy metal and the 
results were plotted. 
2,2,4 ELISA assays 
Cell suspension (300 )il) was added at a concentration of 3.33X10^ cells/ml into 
each well of a 24-well tissue culture plate (Iwaki, Japan) and incubated in a 
humidified incubator with 95% air/5% COiat 37 °C. After 2 hours of incubation, 
200 jil of different concentrations of metal ions in culture medium was added into the 
wells containing the cell suspension (i.e. final concentrations equal to 20%, 50% and 
100% of each metal EC50) and an equal volume of sterile water in culture medium 
was added to control culture wells. All the metal ion solutions were prepared by 
serial dilution in sterilized distilled water and the final percentages of metal solution 
in RPMI medium were 2%. After 24hr incubation in 95% air/5% CO2 at 37 °C, the 
plates were centrifuged at 2000 rpm, 4 � C for 5 min and the supematants were 
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collected into separate microcentrifuge tubes and stored at 2 0 � C for later use in the 
quantification of TNF-a. 
The cell pellets in the plates were lysed using low-salt RIPA buffer (20 mM Tris， 
0.5 mM EDTA, 1.0% Nonidet P40, 0.5% sodium deoxycholate and 0.05% SDS). 
RIPA buffer (100 |j,l) was added into each well and the plates were incubated on a 
shaken at 4 � C for 30 min. Then the lysates were collected into microcentrifuge 
tubes and centrifuged at 10,000 g for 10 min. The supematants were collected and 
ready for the quantification of p53 in the following section. 
2.2.4.1 ELISA assay of p53 levels 
The induction of p53 protein by heavy metals on PU5-1.8 was quantified using 
a commercial kit which is designed to quantify p53 (human, mouse, rat) in serum, 
plasma or homogenates from tumor-tissue or tumor cell lines. The assay was based 
on a quantitative "sandwich ELISA" principle. The biotin-labeled capture antibody 
was pre-bound to the streptavidin-coated microliter plate. During one single 
incubation step, the p5 3-containing sample (specimen or standard) reacted with 
capture antibody and peroxidase-labeled detection antibody to form a stable 
immuno-complex. Subsequent to the washing step, the peroxidase bound in the 
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complex was developed by tetramethylbenzidine (TMB) as a substrate. The 
photometrically determined color was proportional to the concentration of p53. 
The assay procedures of the p53 ELISA were performed according to the 
manufacturer's manual. Briefly, 100 |il of standards or 50 [i\ of samples with 50 
sample diluent in duplicate were added into the wells. Then anti-p53-POD (100 jil) 
was added into each well supposedly containing standard/sample. The plate was 
covered with adhesive cover foil and incubated for 2 hours at room temperature on a 
shaker. Then the solution in each well was tapped off and each well was rinsed five 
times with 300|i 1 washing buffer. Substrate solution (200 |il) was added into each 
well. The plate was covered and incubated at room temperature on a shaker at 300 
rpm for 15 min in the dark. Stop solution (50 jil) was added into each well and the 
plate was shaken for 1 min at 300 rpm. Assay results were quantified 
spectrophotometrically at 450 nm using a microtiter plate reader (reference 
wavelength: 650 nm) against blank. The calibration curve was constructed by 
plotting the average absorbance values of standards versus the standard 
concentrations. Sample concentrations can then be determined from the calibration 
curve. 
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2.2.4.2 ELISA assay of TNF-a levels 
Induction of TNF-a released into the cell culture by heavy metals was 
quantified using another commercial kit. The assay procedures were performed 
according to the manufacturer's manual. Briefly, 50 |il of standards or supernatant 
samples in duplicate were added to each well of the precoated plate. Biotinylated 
antibody reagent (50 |J1) was added to each well and the covered plate was incubated 
at room temperature for 2 hours. The plate was washed five times and 
streptavidin-HRP solution (100 |il) was added into each well. The covered plate 
was incubated at room temperature for 30 min. The plate was washed five times 
again and TMB substrate solution (100 |al) was added to each well. The plate was 
incubated in the dark at room temperature for 30 min. and stop solution (100 |J1) was 
added to each well. The plate was detected at 450 nm (reference wavelength: 550 
nm) using a microtiter plate reader. The calibration curve was constructed by 
plotting the average absorbance values of standards versus the standard 
concentrations. Sample concentrations can then be determined from the calibration 
curve. 
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2.2.5 MT gene expressions studies by Luciferase assay 
2.2.5.1 PCR amplification 
The human DNA was purified using TriPure Isolation Reagent (Roche) 
according to the manufacturer's manuals. Gene specific primers, HMTIIAP5' 
(5 '-CTTGAGCTCTACACTGTGTCCTCCC-3,) and HMTIIAP3 ’ 
Sad 
(5'-CTTAAGCTTTGAAGAGGCGGCTAGA-3'), were used for PCR amplification 
Hindlll 
of metallothionein promoter (325 bp) (Figure 2.3 A). The PCR reaction was carried 
out using Expand High Fidelity PCR System (Roche). The following PCR 
conditions were used: 94°C 2 min, 74°C 1 min, 72°C 1 min, for 30 cycles. 
2.2.5.2 5, End modification of PCR amplified DNA 
The PCR products were resolved by gel electrophoresis and the desired DNA 
fragment (325 bp) was extracted and purified using Concert Rapid Gel Extraction 
System. The 5'-end of purified PCR product was modified by T4 polynucleotide 
kinase (Promega) and DNA polymerase I (Promega). The reaction mixture was as 
follow: 10 |al of 5X Forward Reaction Buffer, 2 |LI1 of 10 mM dNTPs, 1 |LI1 of 0.1 M 
ATP, 10 units of DNA Polymerase I (Promega) and 10 units of T4 polynucleotide 
kinase (Promega) were added to the purified DNA. Water was added to a final 
volume of 100 and the reaction mixture was incubated at 37°C for 1 h. The 
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A 
， f 
1 5' acacggcgga ggcgcacggc gtgggcaccc agcacccggt acac^^lWc^^fcccgctgC 
3' tgtgccgcct ccgcgtgccg cacccgtggg tcgtgggcca tgtgacacag gagggcgacg 
61 acccagcccc ttcagcgcga ggcgtccccg aggcgcaagt gggccgcctt cagggaactg 
tgggtcgggg aagtcgcgct ccgcaggggc tccgcgttca cccggcggaa gtcccttgac 
e d c 
121 accgcccgcg gcccgtgtgc agagccgggt gcgcccggcc cagtgcgcgc ggccgggtgt 
tggcgggcgc c g g g c a c a c g tctcggccca CgCgggccgg g t c a c g c g c g ccggcccaca 
b 
181 ttcgcttgga gccgcaagtg acttctagcg cggggcgtgt gcagggacgg ccggggcggg 
aagcgaacct cggcgttcac tgaagatcgc gccccgcaca Cgtccctgcc ggccccgccc 
a 
241 g c t t t t g c a c tCgtcccggc tctttctagc tataaacact gcttgccgcg ctgcactcca 
cgaaaacgtg agcagggaag agaaagatcg atatttgtga cgaacggcgc gacgtgaggt 
301 ccacgcctcc tccaagtccc agcgaacccg cgtgcaacct . t c c c . a c t « W c t c 
ggtgcggagg aggttcaggg tcgcttgggc gcacgttgga cagggctgag atcggcggag 
361 ttcagctcgc catgatc 3' 
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Figure 2.3. [A] Nucleotide sequence of human metallothionein gene IIA 
promoter region (NCBI sequence bank, accession no. X00504), sequences 
highlighted in red are the metal responsive elements (Karin et al” 1984)). [B] 
The map of vector plasmid prepared in section 2.2.5.3. 
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modified DNA was further purified using the Concert Rapid PGR Purification 
System (Life Technology). The final product was stored at -20 until use. 
2.2.5.3 Ligation of DNA fragment into linearized vector 
The following protocol describes the general conditions for the ligation reaction. 
The vector (5 ng) and an appropriate amount of foreign DNA (2:1 to 3:1 in DNA to 
vector ratio) were mixed together. Then lOX ligation buffer was added to the 
reaction mixture to a final concentration of IX. One |al of T4 DNA ligase (Promega, 
3 U/jLil) was added and the mixture was incubated overnight at 1 6 �C. The product 
was stored at - 2 0 � C before transformation. The PGR product was first ejected to and 
the nucleotide sequence confirmed by DNA sequencing. Restriction enzymes were 
used to subclone the hMTIIA gene promoter to pGL3-Basic vector (Figure 2.3). 
2.2.5.4 E.colL transformation by heat shock 
An appropriate amount of plasmid DNA or ligation product was added to 100 jil 
competent cells. The mixture was kept on ice for 30 min. The cells and plasmid 
was heat-shocked at 42 °C for 45 sec. The mixture was rapidly transferred to an ice 
bath to chill the cells for 2 min. LB medium (0.9 ml) was added to the mixture. 
The mixture was incubated at 37 °C for 1 h. After incubation, the cells were 
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harvested by centrifUgation (12,000 g for 1 min in a table-top centrifuge). All the 
cells，20 )Lil (20 mg/ml) 5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal) and 20 
M-l 0.1 M isopropylthio-P-D-galactoside (IPTG) were mixed and spread onto a LB 
plate containing the appropriate antibiotic. After the liquid had been absorbed, the 
plate was inverted and incubated at 37°C overnight. 
2.2.5.5 PGR sequencing 
The plasmid containing our interested DNA fragment was purified and 
prepared in large quantities by Concert Rapid Plasimd Purification System 
(GibcoBRL) for sequencing analysis and transfection study. PGR sequencing was 
performed using the ABI Prism dRhodamine Terminator Cycle Sequencing Ready 
Reaction Kit, and the protocol used was as suggested by the supplier, PE Applied 
Biosystems. The double-stranded DNA in 200-500 ng (per 1 kbp in size) was acted 
as the template of the reactions. Then 3.2 pmole of primer and 8 |ul of Terminator 
Ready Reaction Mix were added into the tube with the template. Distilled water 
was used to mix up the total volume to 20 \i\. The mixture was mixed well and spin 
briefly. On a GeneAmp PGR System 9600 thermal cycler, the following PGR cycle 
was carried out. 
47 
Chapter 2: Toxic effects of heavy metals ions on selected cultured cell lines 
Step Procedures 
1 96°C for 10 sec ^ 
50°C for 5 sec > Repeat 25 cycles 
60°C for 4 min J 
2 Hold at 4 � C 
3 Spin down the contents of the tube 
To remove the unincorporated dyes, Calf Intestine Alkaline Phosphatase 
(CLAP) digestion and ethanol/sodium acetate precipitation were performed. During 
the CIAP digestion, 1 |LI1 of CIAP was added into the end product of the thermal 
cycling. The mixture was incubated at 37°C for 30 min. The mixture was 
transferred into a 1.5 ml microcentrifuge tube. Three molar sodium acetate (2 |LI1), 
at pH4.6, and 95% ethanol (50 |LI1) were added to the contents and mixed thoroughly. 
The tubes were stored at -20°C overnight to precipitate the extension products. The 
products were recovered by centrifUgation at 12,000 g for 30 min at 4°C. Then the 
supernatant was aspirated away carefully. The pellet of the DNA was rinsed with 
250 of 70% ethanol. The tubes were centrifuged for another 5 min at 12,000 g. 
Again, the supernatant was discarded carefully. The pellet was dried in a vacuum 
centrifuge for 10-15 min. Before the samples were run on the ABI PRISM 310 
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automatic sequencer, the dried pellet was resuspended in 12 jj-1 of Template 
Suppression Reagent (TSR) by vortexing for about 1 min. The samples were 
denatured at 95°C for 2 min, and chilled on ice. The sample was vortex, spun, 
placed on ice or store at 4 � C in dark until ready to be loaded onto the automatic DNA 
sequencer. 
2.2.5.6 Transfection of plasmid into HBE4-E6/E7 cells 
The Dual-Luciferase Assay System of Promega was used. The following 
procedure was based on the suggested protocol of the supplier. HBE4-E6/E7 cells 
(500 |il) were seeded at a concentration of 1.5x10^ cells/ml into a single well of 
24-well plates. The cells were allowed to grow overnight until 50-80% confluence 
in 95% air/5% CC^at 37 °C. For each transfection, solution A [1 |il ofPRL-CMV 
(30 ng per well) and 2 of MT promoter plasmid (300 ng per well) in 100 jil KSF 
medium], was mixed with solution B (1 \i\ of LipofectAMINE reagent in 100 \Ji\ of 
KSF medium) and incubated at room temperature for 15 min.. For negative and 
positive control, dilute 1 |il PRL-CMV (30 ng per well) and 3 |il pGL-Basic or 
pGL-Control (300 ng per well) in 100 serum free medium] was mixed with 
solution B (1 |il of LipofectAMINE reagent in 100 \jl\ of KSF medium) and 
incubated at room temperature for 15 min. The mixed solution was added to the 
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wells and the cells were incubated in 95% air/5% COsat 37°C for 5 hours. Then 
the solution was aspirated and 300 \i\ of fresh KSF medium was added to each well 
immediately. Different concentrations of metal in KSF medium (200 ^1) were 
added into each well and the final concentrations were 25%, 50% and 75% EC50 of 
each metal tested. After 24 h of incubation, the metal solutions were aspirated and 
the cells were lysed with 50 |il of IX Passive Lysis Buffer at room temperature for 
30 min with shaking. The lysate (20 )al) from each well was collected and mixed 
with 50 |Lil of LAR II reaction substrate in a 12 x 75 mm tube. Light emission was 
detected on a Lumat LB 9501 luminometer. Immediately, 50 |LI1 of Stop and Glo 
reaction mix was added into the mixture and the light emission was detected again. 
2.2.5.7 Data analysis 
The relative luciferase activity was calculated by dividing the relative light unit 
of LAR II reaction with that of Stop and Glo reaction (normalization with PRL-CMV 
luciferase activity after co-transfection). The relative luciferase activity of the 
toxicant treated sample was compared to that of control and the fold induction was 
calculated using the GraphPad (Prism) program. 
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2.3 Results and Discussion 
2,3.1 Cytotoxicity assays 
The cytotoxicities of four heavy metals associated with roadside air pollution 
were studied using the three cell models chosen. The percent cytotoxicity of 
different concentrations of heavy metal on the cell populations were calculated and 
plotted in Figure 2.4 for PU5-1.8, Figure 2.5 for HBE4-E6/E7 and Figure 2.6 for 
LL24. The three graphs demonstrate that all heavy metal ions examined are 
cytotoxic to the three cell models. 
All heavy metal ions resulted in a dose-dependent response and showed a 
typical sigmoid dose response curve. Three features characterized the sigmoid line 
on a cumulative dose-response graph. At low concentrations no responses were 
observed until the threshold concentration, at which the first test organism will 
respond. At progressively higher concentrations, the initially curved sigmoid line 
begin to straighten out. This second region of the graph represents the 
concentrations at which the majority if the test organisms were observed to exhibit 
the response. Third, the right hand side of the graph may be seen to become plateau 
again. This region represents the higher concentrations at which the remaining few 
test organisms finally exhibited the predetermined end effect. 
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Figure 2.4. Dose responses of heavy metal cytotoxicity assayed by alamarBlue in 
mouse macrophage cell line (PU5-1.8) exposed for 24 hours. The data are plotted 
as the mean 士 S.D. and expressed as a percentage (100% = values of the controls). 
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Figure 2.5. Dose responses of heavy metal cytotoxicity assayed by alamarBlue in 
human bronchial epithelial cells (HBE4-E6/E7) exposed for 24 hours. The data 
are plotted as the mean 土 S.D. and expressed as a percentage (100% = values of the 
controls). 
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Figure 2.6. Dose responses of heavy metal cytotoxicity assayed by alamarBlue 
in human lung fibroblasts (LL24) exposed for 24 hours. The data are plotted as 
the mean 土 S.D. and expressed as a percentage (100% = values of the controls). 
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The EC50 of each heavy metal on the cell models was calculated and tabulated 
in Table 2.2. The EC50 of a toxicant is the concentration at which 50% of the tested 
organisms (cell populations in this case) were observed to exhibit the effective 
response (i.e. reduction of metabolic rate). By calculating the EC50 of each heavy 
metal on each cell line, the relative toxicity of the heavy metals can be compared. 
« 
The one with smaller EC50 is considered to be the more potent. 
Table 2.2. The 24h-EC5o (jiM) values of each heavy metal ions on the three cell 
models calculated. 
Cr(VI) 123.7 13.8 183.2 
Pb2+ 10210 1244 5242 
Zn2+ 108.5 36.8 192.7 
The human bronchial epithelial cell line (HBE4-E6/E7) was most sensitive to 
the cytotoxic effect of the four heavy metals tested, as the EC50 of all the heavy 
metals were much lower than the other two cell models. This may be due to the 
fact that the culture medium used for the culture of HBE4-E6/E7 cell line was serum 
free and thus it did not contain albumin, transferrin and other proteins that were 
capable of binding metals, while the culture medium of PUS-1.8 and LL 24 cell lines 
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contained serum, which contained components that bond the metals and lowered 
their toxicities. Jones et al (1980) studied Zn^^ transport into human leukocytes in 
different media found that the influx of Zn^^ was smaller in tissue culture medium 
(TC 199) than in balanced salt solution. This indicated the presence of components 
I 
in the medium binding Zn，thereby inhibiting uptake. Decreased metal uptake has 
been found with serum or albumin in the cell cultures (Corrigan and Huang, 1981; 
Klug et al., 1988; Templeton, 1990). On the other hand, the PU5-1.8 cell line was 
more tolerant to the cytotoxic effect of the heavy metal tested than the LL 24 cell line 
except for Pb2+. 
The relative toxicities of the four heavy metals on each cell line are as follows: 
PU5-L8 - Zn2+>Cr(VI)>Cd2+>Pb2+ 
HBE4-E6/E7 - Cr(VI) > Zn2+> Cd 2+> Pb2+ 
LL 24 - Cr(VI) > Zn^^ > Cd^^ > Pb^^ 
Pb2+ was the least toxic heavy metal ions obtained for the three cell models, followed 
by Cd2+. Cr(VI) was the most toxic heavy metal to the two human cell lines, while 
Zn2+ was the most toxic heavy metal to the mouse cell line. It has been recently 
shown that human microsomal enzymes have a very high affinity for the reduction of 
Cr(VI) compounds (Myers and Myers, 1998). The affinity is in the micromolar 
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range, or 1000 times higher than the affinity of rodent enzymes for hexavalent 
chromium (Myers and Myers, 1998). This would indicate that the reduction of 
Cr(VI) to Cr(III) can be mediated enzymatically in humans whereas, in rodents, it 
would be mediated only by ascorbic acid and glutathione (Myers and Myers, 1998). 
Since rodents synthesize ascorbic acid, it is present at high levels both outside and 
inside cells, and part of the Cr(VI) is reduced to Cr(III) by ascorbic acid outside cells, 
thus chromium may be less toxic to rodents than to humans. This shows a species 
difference in the response to the effect of toxic heavy metals. 
It is surprising that all the three cell lines were sensitive to Zn , which was 
considered as a relative non-toxic element. But this result was consistent with the 
results from Borovansky & Riley (1983 & 1989). Compared with most other trace 
elements, Zn^^ is relatively non-toxic in vivo (Schroeder et al., 1967; Prasad, 1979; 
Anke & Groppel, 1987). The relatively low toxicity of Zn in vivo may be 
attributed to a combination of homeostatic mechanisms which regulate 
I 
gastrointestinal absorption and excretion of Zn (Prasad, 1979; Mertz, 1981; 
Cousins, 1986; Blinder et al., 1986; Anke & Groppel, 1987)，the action of a variety 
of hormonal stimuli which control cellular metabolism (Cousins, 1986), rapid 
redistribution of Zn^^ in the body (Laurie, 1983) and cellular adaptive mechanisms 
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(Mertz, 1981; Cherian & Nordberg，1983). However, the necessary concentrations 
of trace elements, including zinc, for optimal metabolism are critically narrow, 
excesses are usually as harmful as deficiencies (Pories et al., 1972 & Mertz, 1981). 
For cultured cells exposed to relatively high concentrations of zinc, the maintenance 
of homeostasis is more difficult since the adaptive mechanisms are the only available 
2+ 
way of regulating Zn levels and this may make them more vulnerable. This may 
I 
account for why Zn is so toxic to the three cell lines tested. 
But what mechanisms are responsible for the toxic effect of Zn^^? Borovansky 
& Riley (1989) suggested that Zn^^ uptake by the cells might be necessary for the 
expression of cytotoxicity. There appear to be at least two routes of Zn^^ entry into 
cells: (a) one pathway which utilizes transferrin (Harris, 1983) and can be 
competitively blocked by iron (Borovansky & Riley, 1989); and (b) another pathway 
is similar to the calcium pathway and can be blocked by calcium (Borovansky & 
Riley, 1989). It has already been reported that related Cd^^ may use calcium pores 
to enter cells (Borowitz et al., 1980). Zn^^ does not undergo single electron redox 
reactions and therefore does not participate in radical reactions directly; and whilst it 
binds to thiols it is regarded as a stabilizer rather than an inhibitor (Prasad, 1979). 
A possible mode of toxic action could be the displacement of other metal ions from 
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important intracellular sites. Zn^ "^  is known to compete with calcium, iron, copper, 
lead and cadmium for similar binding sites (Prasad, 1979). For example, 
replacement by Z n � . of Fe^^ in porphyrins would effectively block the electron 
transport systems of the cell since these depend on redox cycling of the coordinated 
metal. The observation of Kleiner (1974) that Zr?^ ions inhibit electron transport in 
uncoupled mitochrondia and that this inhibition was completely reversed by 
chelating agents which form stable complexes with Zn�.，and also the strong 
inhibitory effect of zinc ions in vitro on tissue oxygen consumption (Tort et al., 1984) 
support this conclusion. 
From many reports (Borovansky & Riley, 1983; Steffensen et al., 1994), Zn is 
less toxic than the group lib element, Cd . But this was not the case in this 
experiment as Zxi^ was more toxic than Cd^^ to all the three cell lines. 
Cd2+ appears to exert their toxic action either by initiation of free radical 
reactions including lipid peroxidation (Stacey & Klaasen，1981) or by binding to 
thiol groups (Schroeder et al., 1967) and thereby inhibiting crucial enzyme systems. 
Pb2+ on the hand was the least toxic to the three cell lines. This may be due to 
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the precipitation of lead in the culture medium at 10'%, which resulted in actual 
concentrations of Pb lower than that indicated. 
By comparing the two human cell lines, the human bronchial epithelial cell line 
was much more sensitive to the toxic effect of the four heavy metals tested. The 
EC50 of human bronchial epithelial cell line calculated was about 4.21 (Pb^^) to 13.28 
Cr(VI)] folds lower than that of human lung fibroblast cell line. This may be due 
to the reason that the components present in the culture medium were different as 
discussed before. 
Another point to be noted is that other than comparing the potency, we can also 
compare the efficacy of the toxicants. A toxicant is said to have high efficacy when 
the dose-response relationship continues over a greater range of doses. In Figure 
2.4 and Figure 2.6，Cr(VI) is said to have a high efficacy as it continued to produce 
responses over a large range of concentrations as compared to other heavy metals. 
In Figure 2.5, Cr(VI), on the contrary, and also cadmium had a low efficacy as both 
toxicants evoked the 100% cytotoxicity on the HBE4-E6/E7 cell line over a very 
small range of concentrations. Thus, even when two toxicants have similar EC50 on 
the test organisms, one may evoke the responses over a very small range of 
60 
Chapter 2: Toxic effects of heavy metals ions on selected cultured cell lines 
concentrations while the other may do so over a very large range. 
2.3.2 Combination effects of metals on cytotoxicity 
The effects of heavy metals, Pb^ ,^ Cd^ "" and Cr(VI), on the Zn^^ cytotoxicity on 
HBE4-E6/E7 cell line and the vice versa were studied and plotted in the Figures 2.7 
I 
to 2.9. From Figure 2.7 A, we can see that increasing the concentration of Pb has 
no effect on the Z n � . cytotoxicity. The dose response curves with Pb^^ and Z n � . 
I  
were similar to that of with Zn only and have similar EC50. This may be due to 
the heavy precipitation of metal ions in the culture medium when Zn and Pb were 
administered together, as this would lower the actual concentration of metal ions 
available to effect on the cell population. Moreover, Pb and Zn may compete 
for the same route in entering or affecting the cells, thus the addition of Pb will not 
increase the cytotoxicity. From Figure 2.7 B, Zn dominated the cytotoxicity at low 
concentration of Pb^^ as no P b � . dose-dependent response was observed. The 
cytotoxicity was decreasing when increasing the concentration of Pb , as more Zn 
were displaced by Pb^^ until a point when all the Zn^ "^  were displaced and the 
cytotoxicity followed the Pb^^ concentration after this point. 
r\丄 
From Figure 2.8 A, Cd had no tremendous effect on Zn cytotoxicity at low 
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Figure 2.7. [A] Effect of Pb on the 24h-cytotoxicity of Zn on human 
bronchial epithelial cells (HBE4-E6/E7). [B] Effect of Zn^ ^ on the 
24h-cytotoxicity ofPb^^ on HBE4-E6/E7 cell line. 
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Figure 2.8. [A] Effect of Cd2+ on the 24h-cytotoxicity of Zn^ ^ on human 
bronchial epithelial cells (HBE4-E6/E7). [B] Effect of Zn� . on the 
24h-cytotoxicity ofCd^^ on HBE4-E6/E7 cell line. 
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Figure 2.9. [A] Effect of Cr(VI) on the 24h-cytotoxicity of Zn^ ^ on human 
bronchial epithelial cells (HBE4-E6/E7). [B] Effect of Zn^ ^ on the 
24h-cytotoxicity of Cr(VI) on HBE4-E6/E7 cell line. 
64 
Chapter 2: Toxic effects of heavy metals ions on selected cultured cell lines 
Cd2+ concentrations, i.e. 20% Cd^^ EC50 and 50% Cd^^ EC50. However, at high 
Cd2+ concentrations, Cd:. magnifies the Zn^^ cytotoxicity to above 70% of the 
control in all Zn concentrations. This showed that when high concentration of Cd:. 
was added to Zn, the total effect on the cell population would be higher than the two 
individual metal effects added together. From Figure 2.8 B, the addition of Zn has a 
/•y I 
synergistic effect on the Cd cytotoxicity, while the effect is enhanced at higher 
concentrations of Zn added. Thus, it is more dangerous to expose the human 
bronchial epithelial cell to both cadmium and zinc ions than the individual metal 
ions. 
From Figure 2.9 A, Cr(VI) had a synergistic effect on the Zn cytotoxicity and 
the same effect was shown when Z n � . was added to Cr(VI) in figure B. 
In the reality, human may expose to combination of metal ions at the same time. 
The combining effects of these metal ions may make it more dangerous than expose 
to a single metal ion alone. 
13.3 p53 
The induction of p53 protein is a biomarker of cellular and genotoxic stress after 
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exposure to toxicants. In this experiment, we measured the cellular concentration 
of p53 after exposed to the four heavy metals tested and the results were shown in 
Figure 2.10. From the results, we can see that untreated cells also contained p53 
protein, which showed that normal PU5-1.8 cells contained an endogenous level of 
p53 protein, but no induction of p53 proteins was found after the PU5-1.8 cell line 
was exposed to different heavy metals. There was even a slight reduction in the 
concentrations of p53 in the cells after the exposure to heavy metals as compared to 
control. This contradicted with what we should expect as heavy metals like Cr(VI) 
are thought to be genotoxic and induce DNA damages, thus p53 proteins should be 
induced in order to transmit signals to genes and factors that induce cell cycle arrest 
and apoptosis (Prives, 1998). 
The study of Ye et al (1999) showed that an accumulation of p53 protein was 
induced by Cr(VI) in human lung epithelial cell line (A549) and that p53 is involved 
in the Cr(VI)-induced apoptosis, but no induction of p53 was observed after the 
PU5-1.8 cell line was exposed to Cr(VI) in our experiments. 
Cd2+ has two opposite effects on p53, with first protein stabilization as a result 
of generation of DNA damage by low doses of Cd^ "^  and direct inhibition of p53 
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Figure 2.10. Effect of different heavy metals on the cellular p53 concentration 
on mouse macrophages (PU5-1.8). 
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protein by metal substitution and conformational modifications at higher doses of 
Cd2+ (Meplan et al., 1999). Thus, at high concentration of Cd^ ,^ we should expect a 
reduction of p53 protein and this was in accordance with our results as Cd�.—treated 
cells had the lowest concentration of p53. 
r\ I 
Upon addition of micromolar amounts of Zn , the wild-type p53 protein 
undergoes a conformational change to Pabl620+ form and acquires DNA-binding 
competence (Meplan et al., 2000b). Of the various transition metals tested 
(including Cu^ ,^ Fe^ "^ , Ccf., Ni^^), Zn^^ is the only one to induce such an effect. 
However, increasing the concentration of zinc resulted in a dose-dependent inhibition 
of the protein. Coffer & Knowles (1994) and Palecek et al. (1999) found that 
excess zinc altered p53 protein conformation and down-regulated binding to 
supercoiled DNA in vitro. 
In conclusion, theoretically an induction of p53 protein occurred when cells 
were treated with Cr(VI) ions and should expect a reduction of p53 protein at high 
doses of Cd2+ and Zn�.，but these were not the cases in our experiments. 
2.3.4 TNF-a 
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TNF-a is a cytokine that is commonly released by macrophages during 
inflammatory process. Results (data not shown) showed that the cell line did not 
release any TNF-a no matter with or without the treatment of heavy metal ions. 
2.3.5 MT gene expression studies by Lucifer as e assay 
In the present work, we studied the metallothionein (MT) promoter activity 
in human bronchial epithelial cell line exposed to four kinds of heavy metal ions. 
The relative luciferase activity was calculated as a fold induction as compared to 
control and was plotted in Figures 2.11 and 2.12. From the results, Cd is the most 
effective metal in the induction of MT promoter activity among the four metals 
tested. This agrees with other reports that metals of the first group, including Cd， 
induce thioneins at relatively low concentration ranges. While metals of the second 
group, which include zinc, nickel and copper, are less toxic and induce thioneins only 
at much higher concentrations than those of the first group (Yamada & Koizumi, 
1991). MT promoter activity responded to Cd^^ in a dose-dependent manner at 
shorter incubation time of 6 h or 12 h. While there was a time-dependent response 
before the incubation time of 24 h when 25% or 50% Cd^^ EC50 were added. The 
induction of MT promoter activity was highest (>10 fold) when 75% Cd^^ EC50 was 
administered for 12 h. This is because when cells were exposed to higher 
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Figure 2.11. Time course study of the effects of cadmium and chromium(VI) on 
the luciferase activity of HBE4-E6/E7 with metallothionein (MT) promoter. Data 
was plotted as mean 士 S.D. and significances increase from control were calculated 
using student's t test, * p< 0.05 and **p<0.01. 
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Figure 2.12. Time course study of the effects of lead and zinc on the luciferase 
activity of HBE4-E6/E7 with metallothionein (MT) promoter. Data was plotted as 
mean 士 S.D. and significances increase from control were calculated using student's t 
test, * p< 0.05 and **p<0.01. 
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concentrations of Cd^ ,^ more MTs were needed to bind with Cd^^ in order to detoxify 
the toxic metal and thus the MT promoter activity was elevated to enhance the 
production of MT within the cells. The mechanism of MT in cellular defense 
against Cd^^ toxicity includes sequestration of free (toxic) Cd^ "^ , to form inactive 
Cd-MT complex, and alteration of the intracellular distribution of Cd^^ (Goering and 
Klaassen, 1983). At 24hr, the promoter activity was similar ( � 8 fold) despite higher 
concentration of Cd was added, while at 48hr the activity was even declined with 
concentrations. This might be due to at longer incubation time or high Cd 
concentrations, the protective mechanisms of the cells have been overwhelmed and 
most of cells were killed by the toxic effects of the Cd� . . 
For Cr(VI) and Pb^ ,^ a dose-dependent response was observed only at 6 h but 
not at longer incubation time. For Cr(VI), only a statistically significant induction 
of the MT promoter activity was observed after 50% Cr(VI) EC50 was administered 
for 6 h. For Pb ，only a statistically significant induction of MT promoter activity 
was observed after 75% Cr(VI) EC50 was administered for 12 h. Steffensen et al 
(1994) suggested that the poor induction of MT by Pb in biological tissue was the 
result of the high degree of complex-binding by Pb� . , preventing it from participation 
in process leading to MT gene expression. 
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There was a dose-dependent induction of MT promoter activity to Z n � . before 
the 24 h, while a time-dependent induction when 25% Zn^ "^  EC50 was added. The 
induction of MT promoter activity was highest (>5 folds) when 75% Cd^^ EC50 was 
administered for 24 h. 
From the results, the MT promoter was most sensitive to the effect of Cd^ ,^ 
ry I 1 丄 
followed by Zn^", while both Pb" and Cr(VI) were poor inducers to the MT gene 
promoter. 
73 
Chapter 2: Toxic effects of heavy metals ions on selected cultured cell lines 
2.4 Conclusion 
The three cell models tested were most sensitive to the toxic effects of 
chromium(VI) or zinc, followed by cadmium and least sensitive to lead. Different 
cell lines response differently to the effects of the four heavy metals tested and a 
species response difference was observed, but interestingly, all the cell lines tested 
were sensitive to the toxic effects of zinc, which is considered as a non-toxic element 
in vivo. When cells were exposed to a combination of two heavy metal ions, a 
synergistic effect is usually found except for lead. Thus, it may be dangerous if we 
are exposed to a combination of heavy metals. 
We found that all the four heavy metals did not cause an induction in p53 
protein level or release of TNF-a. On the other hand, the luciferase activity of 
HBE4-E6/E7 with MT promoter was induced most when exposed to Cd , followed 
by Zn2+, while both Pb2+ and Cr (VI) 
were poor inducers to the MT gene promoter. 
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Chapter Three: Effects of Polycyclic Aromatic Hydrocarbons 
(PAHs) on Cultured Cell-lines 
3.1 Introduction 
Diesel exhaust particles (DEP), an important component of particulate matter, 
contain more than 450 different organic compounds, including xenobiotics such as 
polycyclic aromatic hydrocarbons (PAHs), halogenated aromatic hydrocarbons 
(HAHs), and redox-active quinines (Barfknecht et aL, 1982; Casellas, et aL,1995; 
Clunies-Ross et a/., 1996; Li et al., 1996). Many of the organic chemicals adsorbed 
are found to be mutagens and/or carcinogens (Lewtas, 1993). Thus, these organic 
chemicals especially PAHs are also of great health concern other than the heavy 
metals discussed in Chapter 2. 
Diesel vehicles are known to be the major emission source of fine suspended 
particulates and incomplete combustion products, especially PAHs. The total 
registered vehicle number in Hong Kong as of September 2001 was 589,201 
(Transport Department, HKSAR Web Page). In 2000, 70 percent of total vehicles 
kilometers traveled in Hong Kong were generated from diesel vehicles (Environment 
Hong Kong 2001, EPD). The total PAHs concentration of PM2.5 collected in Hong 
Kong was in the range of 0.7 — 12.2 ngm'^ (Zheng et al., 2000). The main PAHs 
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detected were phenanthrene, fluoranthrene, pyrene, benzo(ghi)fluoranthrene, 
benzo(a)anthracene, chrysene, benzo(b,k)fluoranthrene, benzo(a)fluoranthrene, 
benzo(e)pyrene, benzo(a)pyrene, perylene, anthanthrene, indeno(l ,2,3-cd)pyrene, 
benzo(ghi)perylene and coroene. 
Hiura et al. (1999) found that organic compounds contained in DEP might exert 
acute toxic effects via the generation of ROR in macrophages. While a 
well-defined model of PM benzo[a]pyrene adsorbed on carbon black (CB+BaP): 
exhibited a time-dependent expression and release of TNF-a in cultured 
macrophages, whereas TNF-a plays an important role on mediating CB+BaP 
induced apoptosis in macrophages (Chin et al., 1998). 
PAHs adsorbed on the particulates are emitted from a variety of sources among 
which the motor vehicle is one of the most dominant sources. The formation of 
PAHs is a result of incomplete combustion processes and the occurrence in either gas 
phase or adsorbed onto combustion particles depends on the volatility of the PAH 
species: higher weight molecules with four or more rings are, under normal 
atmospheric conditions, particle bound, whereas smaller PAHs may remain in the gas 
phase. The particle-bound PAHs are considered especially important, because they 
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may become deposited in the lung when the carrying particle is sufficiently small 
(Wasserkort et al, 1996). 
Poly cyclic aromatic hydrocarbon (PAH) carcinogens, such as benzo[a]pyrene 
(BaP), are products of incomplete combustion of organic matter and are widespread 
in the environment. Carcinogenic and mutagenic effects of BaP have been well 
documented in human, animals, and mammalian cell systems (Tokiwa et al., 1993). 
In general, PAHs are among the more potent known experimental carcinogens, active 
metabolites of PAHs bind covalently to DNA and thus results in DNA damage 
(Denissenko et al., 1996). PAHs also exert stimulatory or toxic effects via the 
generation of reactive oxygen radicals (ROR) (Park et al., 1996; Pinus et al, 1996; 
Ichinose et al., 1997; Kunagai et al., 1997; Ng et al., 1998). 
Cytochrome P450 monooxygenases play an important role in the metabolism of 
lipophilic endogenous and exogenous compounds. PAHs are pollutants that can 
induce cytochrome P4501A isoforms (CYPlAl and CYP1A2) in mammals, birds 
and fish. Induction of cytochrome P4501A, a phase 1 drug-metabolizing enzyme, is 
a sensitive marker of exposure to PAHs. Cytochrome P4501Alinduction is thought 
to be contributed to the ROR generation of DEP chemicals and has been linked to the 
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mutagenic effects of them (Harris et al, 1978; Ichinose et al., 1997; Whitlock et al., 
1996). The method most commonly used to measure catalytic activity of 
cytochrome P4501A is the ethoxyresorufin-O-deethylase (EROD) assay by assessing 
the dealkylation of 7-ethoxyresomfin to fluorescent resorufm (Stegeman and Hahn, 
1994). 
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3.2 Materials and Methods 
3.2.1 Reagents 
Benzo[a]pyrene (BaP) powder was purchased from Sigma Chemical Co. (USA) 
and 0.1 M stock solution was prepared by dissolving in sterilized dimethyl sulfoxide 
(DMSO). Bovine serum albumin (BSA)，resomfm，ethoxyresomfm，NADPH and 
fluorescamine were all purchased from Sigma Chemical Co. (USA). 
3.2.2 Cell culture 
For alamarBlue assay, the effect of BaP on HBE4-E6/E7 cell line was tested. 
Briefly, cell suspension (100 jil) was plated at a concentration of 2X10^ cells/ml into 
each well of a 96-well tissue culture plate overnight in a humidified 95% air/5% CO2 
incubator at 3 7 � C . The culture medium in each well was aspirated. Different 
concentrations of BaP in DMSO, 1% in culture medium (200 pi), were added into 
the wells and an equal volume of 1% DMSO in culture medium was added to control 
culture wells. 
For EROD assay, the effect of BaP on two different cell lines — human breast 
cancer (MCF7) and HBE4-E6/E7 was investigated. The drug treatment procedures 
were similar in the alamarBlue assay above for both cell lines. But after the drug 
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treatment, the culture medium was removed and 20 \i\ distilled water was added into 
each well. The plate was frozen at - 8 0 � C and ready for the EROD assay. 
AlamarBlue assay 
alamarBlue solution (22 jjl) was added into each well containing the culture 
medium. The plate was incubated for 5 hours and read spectrofluorometrically 
(excitation, 530 nm ； emission, 590 nm) using a cytofluor machine. The percent 
cytotoxicity (compared to control) was calculated as in section 2.2.3. 
3.2.4 EROD assay 
Cytochrome P4501A enzyme can convert the ethoxyresorufin (7-ethyl-resomfin) 
to resorufm in the presence of NADPH and oxygen. The amount of resorufm 
produced is measured fluorometrically after the addition of NADPH to the samples 
and this reflects the level of ethoxyresorufin-(9-deethylase (EROD) activities. As 
an indicator of toxicant-induced changes in biological systems, CYPIA induction is 
regarded as one of the most sensitive and specific biomarkers for hazardous PAHs 
(Stegeman and Hahn, 1994). 
The assay procedures were modified from the methods described by Kenndey et 
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al (1993), Kennedy and Jones (1994) and Behrens et al (1998), in order to be 
carried out directly within multiwell cell culture plates and the amount of resorufm 
and protein concentrations can be measured in one time. 
Plate was removed from the freezer and cells were allowed to thaw at room 
temperature for lOmin. The concentrations and arrangements of reagents added to 
each well of a 96-well plate were shown in Table 3.1. 
Eighteen wells were used for standards; 3 contained no BSA or resomfin and 15 
contained both standards (5 concentrations of each standard, each in triplicate). 
Sodium phosphate (50 mM, pH 8.0) at volumes from 5 to 50 was then added, 
followed by BSA (2280 |ag/ml) at volumes from 5 to 25 |il (yielding final 
concentrations of 57 to 285 |ig/ml). Resomfin in methanol (4 pM) was serially 
diluted using methanol and each concentration was added at a volume of 25 i^l 
(yielding final concentrations of 0.8 to 500 nM) into the standard wells. Each blank 
and sample well then received 55 |il and 30 [d sodium phosphate (50 mM, pH 8.0) 
respectively. Ethoxyresorufin in methanol was diluted in sodium phosphate (50 
mM, PH 8.0) to 20 |iM immediately before addition to the wells; 50 |il was added to 
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incubator (37 °C) for 15 min. Reaction was started by the addition of 25 \i\ of 
NADPH (8 mM in sodium phosphate, PH 8.0) and incubated at 3 7 � C . It was 
stopped at 7 min with the addition of 75 [xl of ice-cold fluorescamine in acetonitrile 
(175 jig/ml). The plate was allowed to cool at room temperature for 15 min. 
Production of resorufin by intact cells was measured in a fluorescence plate reader at 
excitation/emission wavelengths 530/590 nm, bandwidths 25/35. On the other hand, 
protein content was measured at excitation/emission wavelengths 360/460 nm, 
bandwidths 40/40. 
The calibration curves were constructed by plotting the average fluorescence 
values of resorufin/protein standards versus the resorufin/protein standard 
concentrations. The resorufin and protein concentrations of samples can then be 
determined from the calibration curves. The enzyme activity was calculated as the 
lamole resorufin formed/min. 
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3.3 Results and discussion 
The cytotoxicity of benzo[a]pyrene (BaP) on HBE4-E6/E7 cell line was studied 
using the alamarBlue assay and the results are shown in figure 3.1. It was shown 
that BaP does not have significant cytotoxic effects on the cell line at the doses tested 
and EC50 cannot be determined even after 96 hours of toxicant incubation. A big 
problem which was encountered when performing this assay, was that the BaP 
powder only dissolved well in organic solvent but not in culture medium, thus after 
adding the BaP in DMSO into the culture medium most of the BaP precipitated out 
and reduced the actual BaP concentration administered to the cells lowered. This 
greatly affected the effect of BaP on the cell line and this may explain for the reason 
why the cytotocixity measured was lower than what we should expect. BaP is 
thought to be a potent chemical and is carcinogenic to human. We concluded that 
the alamarBlue assay is not suitable for the study of the toxic effect of BaP in vitro. 
Therefore, we developed the EROD assay for the study of toxic effect of BaP on 
cell lines. In this modified assay, we measured resorufin and protein concentrations 
at the same time in a mutli-well plate, which made it suitable for the study of a large 
quantity of samples. The MCF7 cell line contained the xenobiotic converting 
enzyme, cytochrome P4501A, and acted as the positive control in this 
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Figure 3.1. Dose response of benzo[a]pyrene (BaP) cytotoxicity (96 h) assayed by 
alamarBlue on human bronchial epithelial cell line (HBE4-E6/E7) exposed for 
96 hours. The data are plotted as the mean 士 S.D. and expressed as a percentage 
(100% = values of the controls). 
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assay to show the feasibility of this modified assay. The results were shown in 
Figure 3.2. It was found that BaP only induced the EROD activity of MCF7 cell 
line but not HBE4-E6/E7. This indicated that HBE4-E6/E7 might not contain the 
cytochrome P4501A enzyme necessary for the deethylation of resorufin and this may 
account for the low cytotoxicity of BaP on HBE4-E6/E7. It is because enzymes 
like cytochrome P4501A are necessary for the biotransformation of PAHs into their 
more potent metabolites in order to exert their toxic effects. Alternatively, the 
HBE4-E6/E7 cell-line might not have aryl-hydrocarbon receptor (Ah-receptor) for 
the binding of BaP. In either case, without the CYP enzymes present in 
HBE4-E6/E7, the BaP cannot be converted into its more toxic metabolites and a 
lower cytotoxicity would be expected. 
Nevertheless, BaP caused an induction of EROD activity in MCF7 cell line, 
which showed that this modified assay was feasible to be used in the study of 
exposure to PAHs in vitro with other cell lines. Cytotoxicities of BaP on MCF7 
cell-line should be determined in further investigation to understand why the window 
is so narrow (Figure 3.2) for the induction of EROD in MCF7. 
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Figure 3.2. The effect of benzo[a]pyrene (BaP) on MCF7 and HBE4-E6/E7 cell 
lines assayed using modified EROD assay. 
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3.4 Conclusion 
Other than heavy metals, organic compounds like polycyclic aromatic 
compounds are thought to be important toxic components in particulate matter. 
Benzo[a]pyrene is mutagenic and carcinogenic to human and its toxic effect in vitro 
is studied in this chapter, but because of the low solubility of BaP in culture medium, 
it is difficult to study the actual cytotoxic effect of it in vitro. On the other hand, 
HBE4-E6/E7 cell line is not suitable to use in the EROD assay, but the modified 
assay will be suitable for the study of PAHs on other cell lines. 
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Chapter Four: Chemical and Biological Assays on Roadside Dust 
4.1 Introduction 
4,1.1 Composition of particulate matter in Hong Kong 
Figure 4.1 shows the composition of TSP and RSP in Hong Kong. The 
samples were collected from 10 API stations, i.e. Central/Western, Kwai Chung, 
Kwun Tong, Sham Shui Po, Tsuen Wan, Sha Tin, Tai Po, Tung Chung, Yuen Long 
and Mong Kok, and average data from 10 sites were presented. 
The components in TSP were sulphate (12.25%), nitrate (5.39%), ammonium 
(2.3%), soluble marine aerosols (soluble Na, CI, K and Mg, 6.62%), crustal metal (Al, 
Ca and Fe，4.45%) and the rest of the anthropogenic elements (Mn, Cu, Zn, Pb, Cr) 
were less than 1%. The components in RSP were elemental carbon (50.68%), 
sulphate (16.57%), nitrate (5.88%), ammonium (4.12%), soluble marine aerosols 
(soluble Na, CI, K and Mg, 5.84%), crustal metal (Al, Ca and Fe, 2.8%) and the rest 
of the anthropogenic elements (Mn, Cu, Zn, Pb, Cr) were less than 1%. The TSP is 
more enriched with elements related to crustal matter and marine aerosols, which 
shows it is formed more from the natural sources. 
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Figure 4.1. Composition of TSP and RSP during 2000, average data collected 
from 10 API stations in Hong Kong. (Data from Air Quality in Hong Kong 2000, 
EPD web site) 
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4,1.2 Metal contents of particulate matter in Hong Kong 
The major airborne metal concentrations in TSP and RSP of 2000 were shown 
in Tables 4.1 and 4.2 respectively. All the sites have similar metal contents in both 
TSP and RSP except the TSP samples of Tung Chung have an unexceptionally high 
concentration of Cu. The most abundant metal in both TSP and RSP in Hong Kong 
is sodium and followed by calcium, while a higher percentage of iron was found in 
the TSP (1.29% by weight) than in RSP (0.99% by weight). It was found that the 
percentage by weight of metals from anthropogenic sources like lead and zinc in RSP 
(0.11 and 0.29 respectively) were higher than that in TSP (0.08 and 0.23 
respectively), while metals more from natural sources like sodium, calcium, iron, 
aluminium and magnesium in RSP were lower than in TSR Mong Kok, which was 
the only roadside station in the 10 stations monitored, did not show a higher metal 
content in both TSP and RSP as compared to other sites, but it showed a larger 
amount of TSP and RSP collected per cubic metre of air volume. But this station 
may not truly represent the roadside condition as it was located on a 2-storey 
building rather than on the roadside. 
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Table 4.1. (a) Major airborne metal species concentrations as derived from TSP 
and (b) expressed as percentage by weight in 2000 (adapted from EPD website, 
Hong Kong Government). 
； T S P - f e ? Ph、"说 t 气 7n F. Mn 厂 ， M ? " ^ T 
Sentrai/Western 71 t . 1 5 6 ^ 51 i Z 5 0 . 145 , 4 4 0 - 777 1842 ' 540 ' 1 0 0 3432 . 9 
Kwai.Chung ‘ 82 1.92 . 62 4 7 0 - 196 ,-"484- 1084 "2354'^ 393 ‘ 149 1827 ^ 583 7 
j<wun Tong' ‘ ‘ 79 ^ 52 3.50" 158 ‘： 505 1118 2093： 452 2424 , 5 2 5 , 8 
Sham Shui Po 81 J； 1.71 55 3 . 3 0 . 144 ' 542 983 - 2456, 4 8 0 � 7 2 ‘ 2701 585 , 9 
TsuenWari 71 ' 2.20 64 3.00 ‘ 147 ,446 871 1689 ‘ 365 ； 97 1788 584 ' 8 
ShaTiri 58 2.05 ‘ 55 2.00 124 : 3 5 2 � 8 3 2 .."1164 319，： 75 1674 542 ^ 7 
Tai P'o ' "乂， 63 ‘ 2.42, 63 2.70 161 ' -345 848 .. 1192 286 ：. 93" 1467 . 582^ 7 
Tung.Chung ^ 71 3.00 67 2.40 ‘‘ 166 : ' 866 ； 1885 344 624 1633 592 7 
Yuen Long 95 3.28：^ 80 4.00 424 ^ 3 7 1319 2449 373 : : 191 1514 728 7 
Mong Kok . . 97 46 4.80 165 583 1233 2699 546 - 75 2682 514 8 
Average , 76 >2.14：： 60 .3 .20 183 ,477 984 1955 405 ‘ 160 2094 , 582 8 
Note: 1. All concentration units are in nanograms per cubic metre except TSP which is in micrograms per cubic metre. 
2. All values presented are annual arithmetic means. 
3. All particulate samples were collected using high-volume samplers. 
Rtaf«n ‘ ： ‘ r.H • Ph r.f 7n /J."AI Fa ' Mn C.u Na+ K+ Rr-
Central/Western； ； 0.00 0.07 ^ ojoo' 0.20 1.10 2.60 0.76 0.14 ', 4.84 0.79 0.01 
Kwai Chung : : 0:00 0.08 0 . 0 1 � 0.24 “ 0.59 , 1.32 2.87. ‘ 0.48 0.18 2.23 0.71 0.01 
kwun TonQ ； � ；• - 0.00,^ 0.07 ： 0.00 0.20 / 0 . 6 ' 4 ' 1.42 2.66. 0.58 0.12 3.09 0.67. 0.01 
S,ham Shui Po '0,00 0.07 fo.o'o 0.18 . 0.67.：^ 1.21 3.01 0.59 0.09. . 3.32 0.72 0.01 
Tsuen Wan - 0.00 0.09 ^0.00 0.21 0.63 1.23 2.38 0.51 0.14 2.52 0.82 ’ 0.01 
Sha Tin 0.00 0.09 0.00 0.21 , 0.60 1.43 ^ . 0 0 0.55 0.13 ： 2.87 0.93 0.01 
Tai Po ’ 」： .0.00 0.10 O.'OO 0.25 0.55 1.34 1.'89 0.45 ,0.15 2.32 0.92 0.01 
Tung^Chung ,‘ . 0.00 0.09 .0.00, 0.23 ' 0与7’’ 1.22 2.65 0.48 0.88 2.30 0.83 0.01 
Vuen 'Lohg 、 ， .vO.OO , 0.08 ,0 .00 0.45 0,67/ 1.40 2.59 - 0.39 ‘ 0.20 . 1.60 0.77 0.01 
MongjKok. : � .Q.OO. 0.05 .0.01 , 0.17 ,0.60, 1.28 2.79 0.56 0.08 2.78 0.53 0.01 
Average , ‘ 0.00 0.08 0：00 0.23 0.62 1.29 2.54 0.54 0.21 2.79 0.77 0.01 
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Table 4.2. (a) Major airborne trace metal species concentrations as derived from 
RSP and (b) expressed as percentage by weight in 2000 (adapted from EPD 
website, Hong Kong Government). 
R'fatinn ‘ RRP t' Cci -•> Ph >-nr-'.- 7n Al ” FP ‘ Ha ^ Mn Rr-
Central/.WesteriT 49 "l.35 48 t'lOO 124 210, 411 6^86'.：. 291 ？ 34 7 
Kwai Chung 58 1.69 J 58 " 1 . 8 0 � 1 5 7 224 = 551 802. 252 38 7 
Kwun Tong, ； ； 51 M . 5 8 . ' 48 M . 6 a 123 238 544 726 274 35 7 
Sham Shui Po^ ：, 55 ；: 1.47 51 111 ' . 2 5 2 495 847 292 ' 2 8 8 
TsuenWan ； 51 ' 2 . 1 0 ‘ 60 ^ 1.40 " 123 ' 223 ! 468 ；>.671 233 i 28 '' 8 
Sha Tin : 41 1.81-- 50 ' 1 . 2 0 '，105 ‘ 197 507 5 0 4 , 209 22 7 
Tai Pb : : … 48 60 1.40" 142 广 185':; 525 .491 ‘ 191 55 7 
Turig Chung , 53 2.38 69 1.40 155 255 4 8 1 � 8 0 3 : : 223 ,57 / 7 
Yuen Long � 62 2.56 74 2.00 424 289,； 655 ' 924, 227 44 7 
Mong Kok,；：. 61 ''^0.98 38 ：:1.80" 112 259:: 559 ..874 313 ^ 7 
Average- 53 1.84 56 1.50 160 � ' 2 3 2 ‘ 519 . ; 728 i , 248 ：： 38 7 
Note: 1. All concentration units are in nanograms per cubic metre except RSP which is in micrograms per cubic metre. 
2. All values presented are annual arithmetic means. 
3. All particulate samples were collected using high-volume samplers. 
f ,,' < r * 、主 ‘ “‘ , i ^ ' ' V ’, 
» 卞 、 ‘ , - , , , - ‘ > > . <' / ！‘ 5 Statinn ： . , r.ri ^ Ph C r.r 7n Al FP r.a Mn Hii - Rr- 
— RRR ‘ 
Central/Western 0.00 0.10 .0.00’： 0.26 0.43 0.85 - 1 . 4 1 0.60 0.07 0.01 
Kwaidhung ‘ 0.00 0.10 ； 0.00 0.27 , 0.38 0.95 0 . 4 3 � 0 . 0 7 , , 0.01 
Kwun Tong 0 . 0 0 \ 0.09 0 . 0 0 � 0 . 2 4 0 .46: 1.06 1.41 , 0.53 o . o f ： 0.01 
Sham Shui Ro '6 .00 0.09 0.00 0.20 / 0 . 4 6 0.90 1.54. 0.53 0.05 0.01 
Tsuen Wan ,； ； i b.OO 0.12 0.00 ； 0.24 0.43 0.91 1.31 0.45 0.06 0.02 
Sha Tin ^ ‘ 广 0 . 0 0 ‘ 0.12 O.OO',. 0.25 , 0 . 4 8 1.23 ' 1 . 2 2 0.51 . ' 0.05 ; 0.02 
Tar'Po * ；r^ '!； -p.OO 0.13 ；0.00; 0.30 0.39 1.11 ‘ 1.03 0.40 0.12 . 0.01 
Tung Chung .0.00 0 . 1 3 N O . O O ' - 0 . 2 9 ' 0:48 0 . 9 0 -1 .51 " 0 . 4 2 . 0.11 0 . 0 1 
Yuen Long' 0.00' 0.12 , O.Oq'v 0.68 . 0 .47三.1 .05 M . 4 9 0.37 0.07 , 0.01 
MongKok \0 .00； 0.06 0.00' 0.18 0.43 h 0.92 1.44：. 0.52 ', 0.06 0.01 
A v e r a U j 0.00 ' 0.11 ,0.00 0.29 0.44 . 0.99 1.37 0.48 '0.07 0.01 
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4,1,3 Possible adverse health impacts of particulate matter 
4.1.3.1 In vitro studies using different cell models 
The initial target cells for particle interaction and deposition are the airway 
epithelial cells and macrophages, and these cells are most likely to be affected by the 
toxic effects of particles. In view of this, most in vitro particle exposure studies 
have focused on the effects of particles on these cells and these particles include 
particulate matter, PMio and/or PM2.5, diesel exhaust particles (DEP) and carbon 
blacki (CB). 
Hiura et al (1999) showed that the phygocytosis of DEP by primary alveolar 
macrophages or macrophage cell lines, RAW 264.7 and THP-1, leads to the 
induction of apoptosis through generation of reactive oxygen radicals (ROR), while 
the DEP that had their organic constituents extracted or the carbon black alone were 
unable to induce apoptosis or generate ROR. They suggested that the organic 
compounds contained in DEP were responsible for the acute toxic effects on 
macrophages through the generation of ROR. Other than that, DEP can cause a 
dose-dependent reduction on plating efficiency on human lung epithelial cell lines, 
A-549, and an increase in mitotic arrest in mouse macrophages (line IC-21) 
1 Carbon black is particles with defined surface properties that are similar to those of carbonaceous 
particles found in PM. 
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(Seemayer et al, 1987). 
Particulate matter can cause a decrease in viability on alveolar macrophages and 
the release of acid phosphatase and lactate dehydrogenase from alveolar 
macrophages (Liu et al., 1987). Goldsmith et al (1998) suggested that metal 
components adsorbed to urban air pollution particulates can significantly contribute 
its ability to cause oxidant stress and cytokine production in AMs by measuring the 
intracellular oxygen species (ROS) production, increased macrophage inflammatory 
protein-2 (MIP-2) message and TNF-a production. 
Cultured macrophages (RAW 264.7 cells) exposed continuously to a well-defined 
model of PM [benzo[a]pyrene adsorbed on carbon black (CB+BaP)] exhibit a 
time-dependent expression and the release of (cytokine) tumor necrosis factor-a 
(TNF-a). CB+BaP also evoked programmed cell death or apoptosis in cultured 
macrophages as assessed by genomic DNA-laddering assays in which TNF-a plays 
an important role in it (Chin et al., 1998). Ambient air particles collected in four 
urban centres were cytotoxic (measured by LDH release) and cause an increase 
production of TNF and IL-6 in both rat and human AM (Becker et al., 1996). 
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DP can cause a dose- and time-dependent nitric oxide production and was 
cytotoxic in murine RAW 264.7 macrophages (Halinen et al., 1999). Urban 
particles can induce apoptosis of human AM and increase the ratio of AM 
phenotypes toward a higher immune active state which was assessed by morphology, 
cell death ELISA, DNA ladder formation and flow cytometry (Holian et a/., 1998). 
Organic extracts of airborne particulates can lead to a significant induction of 
sister-chromatid exchanges (SCE) in a dose-dependent manner in cell cultures of 
tracheal epithelial cells and lymphocytes of hamsters, rat or human (Hadnagy et al. 
1989; Homberg and Seemayer, 1995; Homberg et al., 1997). 
According to Shukla et al (2000), exposure to PM2.5 at noncytotoxic 
concentrations resulted in increases in transcriptional activation of NF-KB-dependent 
gene expression in murine CIO alveolar cells and an NF-KB-luciferase reporter cell 
line. Early and persistent increases in intracellular oxidants, as measured by flow 
cytometry and cell imaging were observed in epithelial cells exposed to PM2.5 and 
ultrafine carbon black particles. 
Exposure of human bronchial epithelial cells to DEP can lead to the release of 
96 
Chapter 4: Chemical and biological assays on roadside dust 
proinflammatory mediators (for example, interleukin-8, granulocyte-macrophage 
colony stimulating factor and soluble intercellular adnesion molecule-1) from these 
cells (Bayram et al., 1998). Frampton et al. (1999) found that aqueous extracts of 
PMio filters induced the expression of interleukin-6 and - 8 in a dose-response 
fashion. DEPs can also induce interleukin-8, granulocyte-macrophage colony 
stimulating factor and interleukin-ip release in human bronchial epithelial cell line 
(16HBE140-) (Boland et al., 1999). 
4.1.3.2 In vivo studies using rodents 
In the study of Swafford et al. (1995), the carbonaceous particles rather than 
from the genotoxicity of organic constituents were responsible to produce pulmonary 
neoplasms in chronically exposed F344 rats to diesel exhaust (DE). A low 
frequency (3/50) and variable pattern of activating mutations were identified in 
codons 12 and 61 of the K-ras gene while immummoreactive levels of p53 protein 
were present in 7/13 squamous cell or adenosquamous carcinomas. 
According to Salvi et al (1999a), acute short-term DE exposure at high ambient 
concentrations produces a well-defined and marked systemic and pulmonary 
inflammatory response in healthy human volunteers by standard lung function 
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measurements. 
Intratracheal instillation of PMio in rat resulted in an influx of neutrophils into 
the alveolar space, increased epithelial permeability, increased the mean total protein 
and lactate dehydrogenase (LDH) concentrations in bronchoalveolar lavage (BAL) 
fluid. PMio also showed free radical activity by a decrease in reduced glutathione 
(GSH) levels in the BAL fluid following instillation (Li et al., 1996b). 
4.1.3.3 Epidemiological studies 
In a local study, Wong et al (1999) found significant associations between 
hospital admissions for all respiratory diseases, all cardiovascular diseases, chronic 
obstructive pulmonary diseases, and heart failure with the concentrations of PMio. 
Admissions for asthma, pneumonia, and influenza were significantly associated with 
PMio (Table 4.3 and 4.4). 
In a study from the data obtained on daily numbers of admissions to hospital in 
Toronto, Canada, from 1980 to 1994 for respiratory, cardiac, cerebral vascular, and 
peripheral vascular diseases, it was found that increases of 10 in PMio, PM2.5, 
and PMIO-2.5 were associated with 1.9%, 3.3% and 2.9% respective increase in 
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respiratory and cardiac hospital admissions (Burnett et al. 1999). 
Table 4.3. Relative risks (95% CIs)/10 ng/m^ increase in PMio for respiratory 
and cardiovascular admissions by age group (single pollutant model). 
Age group: Respiratory admissions Cardiovascular admissions 
Lag 0-3 days Lag 0-2 days 
0-4 1.019*** (1.011 to 1.028) --
5-64 1.017*** (1.009 to 1.026) 1.005 (0.997 to 1.013) 
^ 65 1.018** (1.010 to 1.026) 1.008** (1.002 to 1.013) 
Overall 1.016*** (1.010 to 1.022) 1.006** (1.002 to 1.011) 
*p<0.05; **p<0.01; ***p<0.001. 
Table 4.4. Relative risks (95% CIs) of hospital admissions for individual 
diseases per 10 ^g/m^ increase in the concentrations of air pollutants. 
Asthma Lag 0-3 days 
1.015* 
(1.002 to 1.028) 
Chronic obstructive pulmonary diseases Lag 0-3 days 
1.019*** 
(1.011 to 1.027) 
Pneumonia and influenza Lag 0-3 days 
1.025*** 
(1.014 to 1.036) 
Heart failure Lag 0-3 days 
1.048*** 
(1.032 to 1.064) 
Ischaemic heart disease Lag 0-1 day 
1.007 
(0.999 to 1.015) 
Cerebrovascular diseases Lag 2 days 
1.003 
(0.995 to 1.010) 
*p<0.05; **p<0.01; ***p<0.001. 
In another study in Shenyang, China, Xu et al (2000) analyzed daily mortality 
data in 1992 to identify possible associations with ambient total suspended 
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particulates. They found that risk of all-cause mortality increased by an estimated 
1.7% with a 100-|ig/m^ concomitant increase in total suspended particulate. When 
the authors analyzed mortality separately by cause of death, the association with total 
suspended particulates was statistically significant for cardiovascular disease (2.1%), 
but not for chronic obstructive pulmonary diseases (2.6%). 
4,1,4 Aims of this chapter 
We have discussed the tremendous toxic effects of air particulate pollution to 
our health in Chapter 1. In this chapter we would focus on using different in vitro 
biological assays in assessing the toxic effects of roadside dust on selected cell lines. 
These assays include those discussed in Chapter 2, i.e. alamarBlue assay, ELISA and 
luciferase assay. By developing different in vitro assays, we are hoping to compare 
the toxic effects of dust samples from different sites in Hong Kong on our health in a 
rapid and systematic way. We would measure the concentrations of cadmium, 
chromium, lead and zinc in the dust samples as well in order to correlate any 
relationships between the heavy metal contents and the dust toxicity on the cells. 
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4.2 Materials and Methods 
4,2,1 Sampling of roadside dust 
Roadside dust samples were collected from 9 sites throughout Hong Kong as 
shown in Figure 4.2. Three sites were chosen from the urban, newly developed and 
rural area in Hong Kong respectively. Sites in the urban area include Central (CT), 
Causeway Bay (CB) and Mong Kok (MK), while sites in the newly developed area 
include Shatin (ST), Tai Po (TP) and Yuen Long (YL) and sites in the rural area 
includes Shek O (SO), Sha Tau Kok (STK) and Tai Mei Tuk (TMT). Central is a 
busy commercial and financial area while Causeway Bay is a busy commercial area, 
both areas are with heavy traffics and surrounded by many tall buildings. Mong 
Kok is a mixed residential/commercial area with heavy traffic and surrounded by 
some moderately tall buildings. Sha Tin, Tai Po and Yuen Long are all new towns, 
residential areas. Shek 0，Sha Tau Kok and Tai Mei Tuk are all rural areas, but Sha 
Tau Kok is located in the main routes for the trucks to mainland China. 
The Annual Average Daily Traffic (AADT) values of the roads, where samples 
were collected, were listed in Table 4.5. AADT value is the average number of 
vehicles pass through a particular street or road per day within a year. The 
sampling site in Mong Kok has the highest AADT value, followed by Causeway Bay 
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Figure 4.2. Location of the roadside dust sampling sites in the present study. 
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and Tai Po, while Tai Mei Tuk has the lowest AADT value among all the sites. 
Table 4.5. Classification and traffic volume of the 9 sampling sites. (Data from 
the Annual Traffic Census 1999，Transport Department) 
Category Sites Road AADT 
Central (CT) Des Voeux Rd. Central 7,860 
Urban area Causeway Bay (CB) Yee Wo St. 27,570 
Mong Kok (MK) Argyle St. 42,610 
Sha Tin (ST) Sha Tin Centre St. Data not available 
Newly developed area Tai Po (TP) Tai Po Tai Wo Rd. 25,910 
Yuen Long (YL) Tai Tong Rd. 16,510 
Shek O (SO) ShekORd. 3,790 
Rural area Sha Tau Kok (STK) Sha Tau Kok Rd. 4,960 
Tai Mei Tuk (TMT) Ting Kok Rd. 910 
Figure 4.3. The sampling of roadside dust in Causeway Bay. 
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The dust samples were collected using a brush and dustpan by sweeping the 
dust on the kerbside of the street as shown in Figure 4.3. The dust samples were 
stored in a polystyrene bag during transportation back to the laboratory. All the 
dust samples from the 9 sampling sites were collected in 2 days in June for summer 
samples and in November for winter samples and allowed to air-dry. Afterwards, 
the dust samples were sieved through a mesh sieve with a pore size of 106 [im. The 
sieved dust samples were stored in a desiccated cupboard in dark for later use. 
4,2.2 Chemical analysis of roadside dust 
The cadmium, chromium, lead and zinc contents of the roadside dust samples 
collected were measured according to the following procedures: 
4.2.2.1 Reagents 
The concentrated nitric acid (69%) was purchased from BDH Laboratory 
Supplies (England). All the metal standard solutions (1000 mg/1) were purchased 
from Sigma and diluted using nano-pure water in order to prepare the metal standard 
curves. Phosphate buffered saline (PBS) was prepared by dissolving 8.182 g NaCl, 
0.202 g KCL, 0.204 g KH2PO4 and 1.442 g Na2HP04_2H20 in 1 L of distilled water. 
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4.2.2.2 Total metal contents 
Dust samples (0.2 g) from each sampling site were digested for 5 h using 5ml of 
concentrated nitric acid. The remaining solutions were filtered through Whatman 
No. 42 filter paper and diluted with nano-pure water to 10 ml for chemical analysis. 
The flame atomic absorption spectrometry (FAAS) (Hitachi Z-800 Polarized Zeeman 
AAS) was used for the determination of Pb content, while graphite furnace atomic 
absorption spectrometry (GFAAS) (Zeeman SpectraAA 800) was used for the 
determination of Cd, Cr and Zn content. 
4.2.2.3 Extractable metal contents 
Dust samples (0.2 g) from each sampling site were extracted in three executive 
times with a total of 2 ml PBS. The dust suspensions were sonicated for 30 min for 
each time of extraction and centrifuged at 10,000 g for 5 min to collect the 
supernatant. The supematants from the three extractions were combined and stored 
in micro-centrifuge tubes for chemical analysis. Graphite furnace atomic 
absorption spectrometry (GFAAS) was used for the determination of the 4 heavy 
metal contents. 
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4,2,3 Biological assays 
The effects of roadside dust on the cell lines, PU5-1.8 and HBE4-E6/E7, were 
studied using the alamarBlue, ELISA and luciferase assays. 
4.2.3.1 Cell models 
Only PUS-1.8 and HBE4-E6/E7 cell lines were chosen for the study of the 
health effects of roadside dust. LL 24 cell line has a very slow growth rate, thus it 
is not suitable to be used in repeated assays with large amount of samples. 
The culturing methods of PU5-1.8 and HBE4-E6/E7 were the same as in 
Chapter 2, please refer to Section 2.2.2 for details. 
4.2.3.2 Pretreatment of roadside dust 
All the roadside dust samples were ground with a pestle and mortar in order to 
homogenize the samples. The dust samples were suspended in PBS and sonicated 
for 30 min before used in the assays. 
4.2.3.3 AlamarBlue assay 
For PU5-1.8, cell suspension (200 |il) was added at a concentration of 2X10^ 
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cells/ml into each well of a 96-well tissue culture plate and incubated in a humidified 
incubator with 95% air/5% COzat 3 7 � C . After 2 hours of incubation, 100 |il of 
dust-saline suspensions from different sampling sites (6 replicates for each sampling 
site and concentration) in culture medium were added into the wells containing cell 
suspension and an equal volume of sterile water in culture medium was added to 
control culture wells. The final concentrations of dust samples were 1000 ^ig/ml, 
500 jig/ml and 250 [ig/m\ or 10 Ojig/ml. All the dust suspensions were prepared by 
dilution in sterilized PBS and the final percentage of dust-saline suspension in RPMI 
medium was 1%. 
For HBE4-E6/E7, cell suspension (200 |il) was plated at a concentration of 
2X10^ cells/ml into each well of a 96-well tissue culture plate overnight in a 
humidified 95% air/5% CO2 incubator at 3 7 � C . The culture medium in each well 
was aspirated. 200 \i\ of 1% dust-saline suspension from different sampling sites (6 
replicates for each site and concentration) in culture medium were added into the 
wells and an equal volume of sterile water in culture medium was added to control 
culture wells. 
AlamarBlue solution (22 |xl) was added into each well and incubated for 5 hours 
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and read spectrofluorometrically (excitation, 530 nm ； emission, at 590 nm) using a 
cytofluor machine. 
The percent cytotoxicity (compared to control) was calculated with the 
following formula, 
(F1 of untreated control - F1 of test agent dilution) xlOO 
F1 of untreated control 
where F1 is the fluorescence measured 
4.2.3.4 ELISA assays 
All the procedures were the same as in Section 2.2.4, instead the toxicants, 
metal ions, were replaced by the dust suspension. The PU5-1.8 cell line was used 
in these assays. The final dust sample concentrations for all sampling sites were 
1000 [ig/ml in RPMI medium and incubated for 24 h. Then all other procedures 
were the same including the assay procedures for p53 and TNF-a concentrations. 
4.2.3.5 Luciferase assay 
Again all the procedures were similar in Section 2.2.5. After the transfection 
of HBE4-E6/E7 with MT promoter plasmid and 3hr of recovery period, 250, 500 or 
1000 |ig/ml dust suspensions in KSF medium were added into each well of the 
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transfected cells. After 24 h of incubation, the luciferase activity was measured and 
calculated as in section 2.2.5. 
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4.3 Results and discussion 
4,3d Total metal contents 
The total cadmium, chromium, lead and zinc contents of the roadside dust 
collected in summer and winter of 2000 were measured and tabulated in table 4.6 and 
4.7 respectively. 
Table 4.6(a). Total metal contents of roadside dust (fig/g) collected in summer 
2000. 
~ : “"“4 * „ /) - ‘ ‘ ^"'r. ' ‘ “ ‘ "7 
CT CB “ MK ST TP , YL SO STK TMT Average 
• " ^ ) i ； I z … . ‘ , 
— C d ‘ 0 . 2 3 0 ^ 0 . 2 6 1 0 . 1 8 5 0 . 2 1 9 - 0 . 4 7 9 0：208 0 . 1 8 7 ， . 0 . 1 2 7 '0.226� 
"Cr^'t 122 . 126 366 114 134 ：； 99, 67 . 64 66 129 
, P b ‘〜項 2 6 3 2 7 3 3 6 0 ^ 3 0 7 ‘ 3 1 7 . 3 5 2 1 2 6 1 7 5 1 6 2 260 
•二广 為 i t � �‘ "‘ ，二- , 、々、 “‘ 
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Table 4.6(b). Total metal contents of roadside dust collected in summer 2000 
(expressed as percentage by weight).  
CT CB MK ST TP YL SO STK TMT Average  L i 二 - ‘ ^ 
r e d : ' ' 0.000 :'0.000 0.000 aooo\ 0.000 0.000' 0.000 :o.ooo 0.000 :omo 
‘；》、> I'^ri � ‘ ‘ . . . > . ^ ‘ ‘ 
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Table 4.7(a). Total metal contents of roadside dust Og/g) collected in winter 
2000. 
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110 
Chapter 4: Chemical and biological assays on roadside dust 
Table 4.7(b). Total metal contents of roadside dust collected in winter 2000 
(expressed as percentage by weight).  
V y y - - 力-，〜磁 ‘ ‘ V- ' .、彻.• “ 
CT X B ^ MK ST . TP YL . SO STK TMT Average ! 
I ； 0 . 0 0 0 |;0.booV' 0.000 ： 0.000, 0.000 \ 0.000 ‘ 0.000 0.000 0.000 0.000 
0 . 0 1 3 : £ R 0 . 0 1 9 二 0 . 0 1 2 0 . 0 1 2 0 . 0 1 2 ” 0 : 0 0 9 0 . 0 0 6 0 . 0 0 5 0 . 0 1 0 0 . 0 1 1 
卢 % . y J," , h ‘ « 
T Pb % 0 . 0 2 4 V 0 . 0 2 5 0 . 0 3 4 0 . 0 3 5 0 . 0 3 9 J 0 . 0 3 0 0 . 0 2 2 0 . 0 1 2 0 . 0 2 9 0.028 
t ' " • 二 ^ - i " ' . � � f ' 
z Zn ： 0.191 0.316 /， 0.335 0.180 0.175 0.198 0.229 0.066 0.194 0.209 ^ 
� ‘ IJ ^^  - ‘ I � . . ’ 
From the results, zinc is the most abundant metal in the dust samples among the 
four metals measured (-0.2% of the total mass), while cadmium is the least abundant 
metal among the four (near 0%). The percentage by weight of each metal in the 
dust samples is similar to those reported by the EPD in table 4.1(b) except for lead. 
The reported values for Zn, Cr and Cd were 0.23%，>0.01% and near 0% 
respectively, while for Pb the reported value is 0.08%, which was much higher than 
our measured value (-0.027%). 
For seasonal differences, we found that there were not much variations for the 
four metals measured except for zinc. The average value measured for zinc in 
winter (0.209%) was higher than that in summer (0.169%). 
The spatial variations of the 4 heavy metals concentrations in roadside dust 
collected in summer and winter 2000 were plotted and shown in Figure 4.4. In 
summer 2000, the dust samples collected in Mong Kok contained the highest 
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Figure 4.4. Spatial variations of metal contents of roadside dust in Hong Kong. 
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contents of the four heavy metal measured, followed by Yuen Long. Sha Tau Kok 
has a low concentration of the four heavy metals measured as compared to other sites. 
In winter, a similar spatial variation was observed. Generally speaking, sites in the 
urban area have the highest concentrations of the four heavy metals measured, 
followed by newly developed area. But sites in the rural area have great inter-site 
variations, Shek O has an unexpected high concentration of zinc, while Sha Tau Kok 
has a very low concentration of zinc. Nevertheless, the averages of the four heavy 
metal contents were still the lowest as compared to urban and newly developed area. 
The correlationship between the AADT values and the metal contents in the 
roadside dust was evaluated and shown in Figure 4.5. We can see that all the metal 
contents showed a poor linear correlationship (all r^<0.6) with AADT values 
especially in winter. This showed that the heavy metal contents measured did not 
increase with traffic volume. This maybe due to the toxic substances, like heavy 
metals, present in the atmosphere are more related to the finer portions of the 
particles. 
4,3,2 Extractable metal contents 
The dust samples were extracted using PBS and the extractable metal contents 
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Figure 4.5. Correlation between the total metal contents in roadside dust and 
AADT values. 
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were measured. The extractable Cr and Pb contents were shown in Table 4.8 and 
4.9，while the extractable Cd and Zn contents cannot be accurately measured. For 
example, in the measurement of extractable Zn content, the reading for diluted PBS 
alone was 0.0273 while the background reading was 1.1338. On the other hand, the 
reading for diluted dust extractant from the site like Mongkok in summer 2000 was 
0.0116, while the background reading was 1.1389. Interestingly, the reading for 
PBS alone was even higher than dust extractant with PBS and also the background 
signal was even much higher than the sample reading. This was also the case for 
dust extractants from other sites and also for the measurement of extractable Cd 
content, making the actual concentration cannot be measured accurately. This 
situation may be due to too many interfering chemicals present in the PBS, which 
made the background noise higher than the detection limit. 
Table 4.8. Extractable metal contents of roadside dust (^ig/g) collected in 
summer 2000. 
“ C T M K “ r i Y ™ T P “ : ? : Y C , ^ STK TMT iWagfe 
Cr ‘ 0.041 0.075 0.099 ^ . 0.083、： 0.065 '0:076 “ 0.066 0.016 0.023 0.060 
‘ P B 0 . 0 7 2 . A O I S " . 0 . 0 1 0 • ~ ' N P ^ ^ N D , N D , ; N D N D 0.033� 
Table 4.9. Extractable metal contents of roadside dust (^ig/g) collected in winter 
2000. 
CT � C B f MK r ST TP YL SO STK TMT Average 
夢二cT，0.084 0.129 :?0:0今4‘ ’ 0.034 ’ 0.036 0.050 0.013^ 0.018 0.063 
H"'’ rAr'A^ii “？* ‘ i； ‘， 
I' Pb, J 0.006 \ 如 ’ N D ； ND ND . ND ND ND ND NA 
^ ？t4’ ？ -： ” i j ； ；… ： L ： 
Notes: ND 一 cannot be determined; NA — not applicable 
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The spatial variations of extractable Cr content of the roadside dust in summer 
and winter were plotted in Figure 4.6. Extractant from Mong Kok has the highest 
concentration of Cr, while that of Sha Tau Kok has the lowest in both summer and 
winter. 
The extractable metal contents were much lower than the total metal contents, 
which show that PBS may not be a suitable extractant as PBS contains a large 
amount of ions which affect the solubility of the metals measured. 
4.3.3 AlamarBlue assay 
The 24 h cytotoxicity of different concentrations of roadside dust on 
HBE4-E6/E7 cell line were measured using the alamarBlue assay and results were 
shown in Figure 4.7. All the dust samples from different sites show a dose 
dependent cytotoxicity on the cell line except for Sha Tau Kok (STK). At a dust 
concentration of 100 or 250 ^ig/ml, a similar cytotoxicity (-10-25%) of samples was 
observed from each site and no observable trend was found. At the dust 
concentrations of 500 and 1000 }xg/ml, dust from Mong Kok in both summer and 
winter had the highest cytotoxicity on the cell line. Dust from Shek O has an 
unexpected high cytotoxicity in summer, which is comparable to the cytotoxicity of 
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Figure 4.6. The extractable Cr content of roadside dust collected in summer and 
winter 2000. 
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Figure 4.7. 24 h cytotoxicity of dust samples collected in summer and winter 
2000 on HBE4-E6/E7. The data are plotted as the mean 士 S.D. and expressed as a 
percentage (100% 二 values of the controls). 
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dust from Yuen Long. In winter 2000，all the samples from different sites have a 
higher cytotoxicity at the concentration of 1000 |ag/ml on the cell line than in 
summer 2000 especially the dust samples from Central and Causeway Bay (from 
-25% in summer to over 50% in winter). 
One interesting finding is that the cytotoxicities of the dust samples were not 
specific to the area categorization as dust samples from rural area like Shek O also 
has a very high cytotoxicity. Instead the cytotoxicity was more or less related to the 
zinc content of the dust samples. This finding is especially true at the dust 
concentration of 1000 \ig/ml and a plot of the total Zn content with cytotoxicity at the 
dust concentration of 500 and 1000 |ig/ml was shown in Figure 4.8. A quite good 
linear correlation was found between the Zn content and the percent cytotoxicities of 
1000 jig/ml dust samples especially in winter. 
The linear coefficients (R^) calculated of total Zn content with the dust 
concentration of 500 and 1000 |ag/ml were 0.3486 and 0.6856 in summer while 
0.3886 and 0.8302 in winter respectively. This is in accordance with the finding of 
Adamson et al (2000), which pointed out that the lung cell injury and inflammation 
associated with atmospheric dust sample was most likely the result of the level of 
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Figure 4.8. Relationship of Zn content with cytotoxicities of roadside dust 
collected in summer and winter 2000. 
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soluble zinc in this particulate sample. The authors suggested that a high soluble 
metal content of atmospheric dust, zinc level in that case, may be a crucial factor in 
determining pulmonary cell reactivity to inhaled particulates. There are many 
reports which showed that the soluble component of particulate was responsible for 
the lung cell injury after instillation of these dust to the lungs (Adamson et al., 1999; 
Costa and Dreher, 1997; Dreher et al., 1997) and more specifically the water-soluble 
metals is the responsible agent (Dreher et al., 1997; Gavette et al., 1997; Kodavanti 
et al, 1998). Although these latter studies did not specifically mention zinc levels, 
there is earlier evidence for pulmonary toxicity of zinc salts. Instillation of zinc 
hydroxide also induces injury and regeneration at the bronchiolar region, leading to 
some fibrosis, which has also been seen after intratracheal zinc chloride 
administration (Ishiyama et al., 1997; Brown et al., 1990). As discussed in Chapter 
2, zinc is a quite potent metal to the HBE4-E6/E7 cell line and also to the other cell 
lines, together with its high concentration in the dust samples, we may conclude that 
zinc is an important component which responsible for the cytotoxicity in vitro. 
Furthermore, zinc may be one of the responsible agents which causes the pulmonary 
toxicity after inhalation of particulate matter with high concentration of zinc. 
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4.3.4 p53 
The cellular concentrations of p53 after exposure to 1000|ig/ml of dust samples 
from different sites in summer and winter 2000 were shown in figure 4.9. All the 
dust samples except samples from Shatin in summer 2000 caused an induction ofp53 
protein in the PU5-1.8 cells. This showed that the dust samples caused cellular or 
genotoxic damage to the cell line and p53 protein was induced to arrest the cell cycle 
for DNA repairing or lead to apoptotic process. 
In summer, samples from Shek O induced the highest concentration of cellular 
p53 protein, while samples from Shatin did not induce any cellular p53 protein. In 
winter, samples from Yuen Long induced the highest concentration of cellular p53 
protein, while samples from Tai Po induced the least. The induction of p53 is not 
specific to the site categorization nor to the metal contents. The linear coefficients 
of cellular p53 concentration with the total metal contents of Cd, Cr, Pb and Zn were 
0.0752, 0.0005, 0.0225 and 0.1141 in summer and 0.2998, 0.0088, 0.0280 and 
0.0115 in winter respectively. 
4.3.5 TNF-a 
The effect of 1000 |ig/ml dust samples from different sites in summer and 
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Figure 4.9. Effect of 1000 fig/ml roadside dust from different sites on the cellular 
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winter 2000 on the release of TNF-a was studied and results were plotted in figure 
4.10. All the dust samples caused an increase release of cytokine TNF-a from the 
mouse macrophage cell line. As TNF-a is a mediator of the inflammatory response, 
results showed that roadside dust samples were able to cause an inflammatory effect 
in vitro. There were other reports that showed similar results. Becker et al (1996) 
found that urban air particles (UAP) strongly induced the production of TNF-a and 
IL-6 in human alveolar macrophages over a range of noncytotoxic concentrations of 
particles. The AM cytokine response to UAP was partly inhibited by polymyxin B， 
but not by the iron chelator deferoxamine, indicating that endotoxins but not 
transition iron were cytokine-inducing moieties in the tested UAP preparations. 
Residual oil fly ash, an important contributor to urban ambient particulate matter, 
when exposed to human airway epithelial cells in vitro induces the production of 
increased levels of IL-6, IL-8 and TNF-a, as well as mRNA coding for these 
cytokines, which is inhibited by the inclusion of either a metal chelator or free radical 
scavenger, suggesting that metals present in the particles produce an oxidative stress, 
which may be responsible for the production and release of inflammatory mediators 
(Carter et al” 1997). Chin et al{\99^) demonstrated that cultured macrophages 
(RAW 264.7 cells) exposed continuously to a well-defined model of PM 
benzo[a]pyrene adsorbed on carbon black (CB+BaP)] exhibit a time-dependent 
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expression and release of TNF-a. 
In summer, samples from Causeway Bay caused the PU5-1.8 cell line to release 
the highest concentration of TNF-a into the cell culture medium, while samples from 
Tai Po caused the least. But in winter, samples from Tai Mei Tuk caused an 
unexceptionally high concentration of TNF-a released, while other sites caused 
similar concentrations of TNF-a released. Again the induction of TNF-a is not 
specific to the site categorization or to the metal contents. The linear coefficients of 
TNF-a concentration with the total metal contents of Cd, Cr, Pb and Zn were 0.0595, 
0.0761，0.1754 and 0.2465 in summer and 0.0435, 0.0002, 0.0026 and 0.0250 in 
winter respectively. This suggested that the induction of TNF-a release was not 
related to the four heavy metals measured, but rather is the results of other 
components in the roadside dust samples. This may be due to the transition metal 
vanadium (Carter et al., 1997)，endotoxins (Becker et al., 1996), PAHs (Chin et 
a/., 1998) or other unknown components. 
4.3.6 Luciferase assay 
The effects of 250, 500 and 1000|ig/ml dust samples from different sites on the 
luciferase activity of HBE4-E6/E7 cell line with metallothionein promoter were 
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shown in figure 4.11. The dust samples can cause the increase of luciferase activity 
(i.e. MT promoter activity) of the cell line, but the trend of dose-dependent response 
was insignificant. This may be due to at high concentration of dust samples, most 
of the cells had already been damaged and thus an increase of MT promoter activity 
cannot be observed. On the contrary, at low concentration of dust samples, the 
metal content present is not high enough to elicit the MT promoter response. In 
summer, only dust samples from Central at a concentration of 500 |ig/ml caused a 
statistically significant increase in the MT promoter activity of HBE4-E6/E7 cell 
line. 
In winter, dust samples from Tai Mei Tuk at a concentration of 1000 |ig/ml 
caused a very significant increase in the MT promoter activity (> 100-fold) and 
samples from Sha Tau Kok and Causeway Bay at a concentration of 1000 and 250 
|ig/ml respectively caused a statistically significant increase in MT promoter. 
It was found that the increase of MT promoter activity was not related to the 
four heavy metals measured in our experiment. Thus, the MT promoter activity 
should be related to the concentrations of other metals and the concentrations of 
those metals were extremely high in the winter dust samples from Tai Mei Tuk. 
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Figure 4.11. The effects of dust samples from different sites in summer and 
winter 2000 on the luciferase activity of HBE4-E6/E7 with metallothionein (MT) 
promoter. Control (no metal exposure) is expressed as 1 while exposure to zinc is 
the positive control. Data was plotted as 士 S.D. and significance increase from 
control, * p< 0.05 and **p<0.01. 
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4.4 Conclusion 
Total zinc concentration in dust samples collected is highest among the four 
metal measured no matter in summer or winter 2000, which is followed by lead, 
chromium and the least is cadmium. Generally, urban areas had a higher metal 
content as compared to newly developed and rural areas, but the metal contents of 
dust samples were poorly correlated with the AADT of the streets where samples 
were collected. It is not recommended to use PBS as the extractant for metal 
measurement as PBS may contain many chemical interferences. It is more suitable 
to use distilled water as the extractant. 
The roadside dust samples were found to cause damage to the cells as assayed 
in the alamarBlue assay and the cytotoxicities at higher dust concentrations were 
related to the zinc content of the dust samples. The dust samples can also cause 
inflammatory response, i.e. induction of pro-inflammatory mediators TNF-a, in the 
lung cells and lead to cellular and genomic damage as indicated by the induction of 
p53 protein. On the other hand, the dust samples can cause an induction of 
metallothionein as assayed in the luciferase assay. But the induction of TNF-a, p53 
protein and metallothionein promoter activity was not related to the four heavy 
metals measured in this study. 
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Chapter Five: General Discussion and Conclusion 
In this study, different in vitro assays were used in order to study the cytotoxic 
effects of roadside air pollution on our health. These assays were developed so that 
a rapid and systematic way of comparing the health effects of air particulate samples 
from different sites or area can be made. Moreover, there were limited health 
studies of particulate air pollution study in Hong Kong. 
We have developed several in vitro biological assays. These include: 
1. AlamarBlue assay which indirectly study the viability of the cultured cells. 
2. ELISA assay which measures the concentration of p53 protein, a biomarker for 
cellular or genomic damage. 
3. ELISA assay which measures the concentration of TNF-a, a proinflammatory 
mediator in the lung. 
4. Luciferase assay by transfecting the cultured cells with the human 
metallothionein-IIA gene promoter, whereas MT is a biomarker for the 
exposure to metals. 
5. EROD assay which measures the CYPIA enzyme activity, a phase 1 
metabolizing enzyme and a specific biomarker for PAHs. 
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Results showed that roadside dust samples could cause a reduction of viability 
in the cultured cell lines, cellular and genomic damages to the cells and inflammatory 
response. Results also showed that dust samples could induce the MT promoter 
activity, indicating that metals present in the samples could effect on the cultured 
cells. All the cell lines tested are sensitive to the toxic effect of zinc and it was 
found that the cytotoxicity of dust samples on the cultured cell line was very much 
related to the zinc content of the samples, especially at higher dust concentrations. 
Results showed that exposure to either metal ion alone could not cause the induction 
of p53 and TNF-a, this showed that metal ions present in the dust samples may not 
be the components responsible for the cellular and genomic damages and 
inflammatory response in vitro. 
In this study, we have tested three different cell lines - mouse macrophages 
(PU5-L8), human bronchial epithelial cells (HBE4-E6/E7) and human lung 
fibroblasts (LL 24). These cell lines were chosen as our cell models because they 
are those cell types in our body that first response to the toxic effect of particulate air 
pollution. The mouse macrophage cells are semi-adherent cells which made it 
difficult for some in vitro assays to perform as frequent washing of cells or frequent 
change of medium may be required. For the HBE4-E6/E7 cell line, it was chosen 
131 
Chapter 5: General Discussion and Conclusion 
because it is a non-carcinogenic human bronchial cell line, thus it is more suitable to 
be used in the study of mutagenic and carcinogenic effects of dust samples on 
cultured cells. This cell line has some limitations to be used in the different 
biological assays as it cannot be used in the EROD assay as tested in Chapter 3 and 
also in assays related to p53. This is due to this immortalized line was established 
from a primary explant in their first passage by transfection utilizing the pi321 
plasmid encoding the E6 and E7 genes of human papilloma virus type 16 under the 
control of the human beta actin promoter, and these sequences are known to bind to 
and inactivate endogenous p53 and Rb proteins respectively. Lastly, the LL 24 cell 
line is a slow growing cell line, thus it is not suitable to be used in in vitro assays 
studying a large number of samples. 
We did not use the airborne particulates like PMio and PM2.5 for the study, but 
instead we collected and used roadside dust samples. These roadside dust samples 
are thought to be aggregates of the airborne particulates which settle on the roadside. 
But the composition of these roadside dust samples should be more or less different 
from that of airborne particulates, and these would probably affect the results 
obtained. Nevertheless, we are trying to develop different in vitro biological assays 
and thus a large amount of samples would be needed in this preliminary stage, it is 
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not feasible to collect so much samples from the busy street using the air sampler. 
Thus in this preliminary stage, we would choose to use the roadside dust samples 
collected from the kerbside of the road and sieved them through a 106 jam mess sieve 
and homogenized them using a mortar and pestle. After we have screened out and 
established some efficient biological assays, we can move on to collect the PMio or 
PM2.5 samples and study their effects on our health. 
There are many different biological assays that can be used in the study of the 
particulate air pollution and we have only studied and discussed several of them in 
this study. Other studies which may also be feasible to be used in further study. 
These include the measurement of other inflammatory mediators like the cytokines 
IL-6, IL-8. This can be done by using ELISA assays or measuring the induction of 
mRNA coding for these genes. We can measure the production of ROS like NO by 
measuring the accumulated nitrite. There are different biomarkers to assess 
exposure to genotoxic compounds. Like in the assessment of PAHs exposure, we 
can measure the PAH-albumin adducts by a competitive ELISA (Autrup et al., 1999). 
We can also use ^^P-postlabeling method to detect the bulky carcinogen-DNA 
adducts (Autrup et al., 1999) or study the alterations in K-ra^ andp53 as these genes 
are most frequently mutated in different lung cancers (Swafford et al., 1995). These 
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cell-lines may also be used for comet assay of DNA damage after exposure to air 
particulates. 
For future study, we should develop more biological assays with different 
markers and study the effects of PM2.5 and PMio on the cell lines using these 
biomarkers. This can help to evaluate the health effects of particulate matter on our 
health and pinpoint the components responsible for its toxicity. And after a 
comprehensive biological assays testing have been developed, we can evaluate the 
degree of particulate pollution in different parts of Hong Kong and help to treat the 
particulate pollution in Hong Kong by knowing more about the mechanisms of 
particulate toxicity on our health 
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